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SECTION 1 

INTRODU CT ION 

The purpose of t h i s  c o n t r a c t  was t o  measure upper a tmospheric  winds 

and d i f f u s i v i t y  from a n a l y s i s  of t h e  motions of t r a i l s  of sodium and 

l i t h i u m  vapor which a r e  e j e c t e d  f r o m  sounding r o c k e t s  dur ing  t w i l i g h t .  

A major s p e c i f i c  o b j e c t i v e  of t h e  c o n t r a c t  w a s  p a r t i c i p a t i o n  i n  an  i n t e r -  

n a t i o n a l  program f o r  worldwide measurement of winds.  A t o t a l  of n i n e  

vapor t r a i l  payloads were prepared f o r  t h r e e  d i f f e r e n t  launch s i t e s .  

Other s p e c i f i c  o b j e c t i v e s  of t h e  c o n t r a c t  were t h e  i n v e s t i g a t i o n  of a t -  

mospheric t u rbu lence  through a n a l y s i s  of t h e  vapor t r a i l s  around 100 km 

a l t i t u d e  where t h e  growth r a t e  i s  o f t e n  r a p i d  and i r r e g u l a r ,  and t h e  in -  

v e s t i g a t i o n  of methods t o  determine atmospheric  temperatures  from t h e  

vapor t r a i l s .  

--_ 

Complete d e s c r i p t i o n s  of t h e  experimental  and a n a l y t i c a l  methods 

employed a r e  given i n  r e p o r t s  covering NASA c o n t r a c t  N A S 5 - 2 1 5  and NASw- 

396 *, 3 ’ 4 )  

sepa ra t ed  l o c a t i o n s .  Tr iangula t ion  methods a r e  used t o  determine winds 

which a r e  de f ined  a s  t h e  d i r e c t i o n  and r a t e  of t h e  vapor t r a i l  movement. 

Densitometer measuremnts  of t h e  t r a i l  wid th  a r e  used t o  determine 

Primary da ta  i s  taken pho tograph ica l ly  from s e v e r a l  widely 

1 



expansion c h a r a c t e r i s t i c s  and d i f f u s i o n  c o e f f i c i e n t s .  

of d a t a  and cont inuing  a n a l y s i s  has r e s u l t e d  i n  new hypotheses  concerning 

t h e  wind s t r u c t u r e  and r e l a t e d  phenomena. A new model of t h e  s t r u c t u r e  

of winds between 85 and 135 km was cons t ruc t ed  from t h e  exper imenta l ly  

determined va lues  obta ined  a t  Wal lops  I s l a n d ,  V i r g i n i a  and S a r d i n i a ,  

I t a l y .  The model i s  c o n s i s t e n t  w i t h  d a t a  c o l l e c t e d  by t h e  radio-meteor 

method, bu t  p r e s e n t s  an e n t i r e l y  new p i c t u r e  i n  which t h e  t o t a l  ampli-  

t ude  of t h e  wind a t  a given he igh t  can be a t t r i b u t e d  t o  p e r i o d i c ,  t i d a l  

o r  thermal  d r i v i n g  f o r c e s .  The i r r e g u l a r  s t r u c t u r e  and r a p i d  growth of 

t h e  vapor t r a i l s  around 100 km a l t i t u d e  i s  no t  expla ined  by e x i s t i n g  

tu rbu lence  t h e o r i e s .  Resu l t s  of d e t a i l e d  a n a l y s i s  of t r a i l  growth i n  

t h i s  r eg ion  sugges t  t h a t  new o r  d i f f e r e n t  exp lana t ions  may be r equ i r ed .  

D e t a i l e d . a n a l y s i s  of t h e  r e l a t i o n  of wind s t r u c t u r e  and "Sporadic E" 

a l s o  i n d i c a t e  s e r i o u s  d e f i c i e n c i e s  i n  e x i s t i n g  t h e o r i e s .  

The accumulat ion 
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SECTION 2 

ROCKET FIRINGS 

A t o t a l  of n i n e  vapor payloads were cons t ruc t ed  on t h i s  c o n t r a c t  

and t h r e e  were f i r e d  a t  each of the fo l lowing  launch s i t e s :  (1) Wallops 

I s l a n d ,  V i rg in i a  (37O50' N, 75'29' W ) ,  (2 )  F o r t  Church i l l ,  Canada (58' 

44 '  N, 93'49' W ) ,  (3)  Eg l in  A.F.B., F l o r i d a  (29'36' N, 86'36' W). The 

launchings  a t  Eg l in  A.F.B. were conducted under t h e  d i r e c t i o n  of R. 

Rosenberg of AFCRL. The payloads and one r e p r e s e n t a t i v e  t o  ass is t  i n  

t h e  pre launch  p r e p a r a t i o n  were suppl ied under t h i s  c o n t r a c t .  The re- 

s u l t s  of t h e s e  f i r i n g s  a r e  being r epor t ed  by t h a t  agency. 

l e c t i o n s  and a n a l y s i s  of d a t a  from t h e  Wallops I s l a n d  and F o r t  Church i l l  

f i r i n g s  were performed under t h i s  c o n t r a c t  and r e su l t s  a r e  r e p o r t e d  h e r e .  

F i r i n g s  from a l l  s i t es  were t o  occur dur ing  a s p e c i f i e d  per iod  as p a r t  

of a n  i n t e r n a t i o n a l  program f o r  measurement of winds. Actua l  f i r i n g  

t i m e s  and r e s u l t s  a re  summarized i n  Table  1. The f a i l u r e  t o  e j e c t  vapor 

d u r i n g  t h e  morning of 24 May has  not been expla ined .  

(5 ,6 ,7)  C o l -  

Another s e r i e s  of f i r i n g s  occurred dur ing  January 1964. This  series 

w a s  sponsored under c o n t r a c t  NAS5-3434, but  s t u d i e s  of t u rbu lence  and 

d i f f u s i o n  were conducted under con t r ac t  NASw-712. The series c o n s i s t e d  
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TABLE 1 

ROCKET FIRINGS 

Time Peak 
Launch S i t e  NASA No. Date (Zulu) A l t i t u d e  (km) 

F t  e Church i l l  14.13 CA 22 May 63 0410 200 

F t .  Church i l l  14.14 CA 22 May 63 0751 185 

F t  e Church i l l  14.15 CA 23 May 63 0413 185 

Wallops I s l a n d  14.40 CA 24 May 63 0045 205 
- - -  Wallops I s l a n d  14.41 CA 24 May 63 0900 

Wallops I s l a n d  14.42 CA 25 May 63 0047 19 7 

Wallops I s l a n d  14.38 CA 15 January 64 2234 50 

Wallops I s l a n d  14.106 CA 15 January 64 2240 114 

Wallops I s l a n d  14.125 CA 16 January 64 0500 170 

Wallops I s l a n d  14.126 CA 16 January 64 1134 198 
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. 
of fou r  f i r i n g s  a t  Wallops I s l a n d .  

evening t w i l i g h t  on 15 January were s e r i o u s l y  e f f e c t e d  by rocke t  mal- 

f u n c t i o n  and d i d  no t  reach  s u f f i c i e n t  a l t i t u d e s  f o r  u s e f u l  d i f f u s i o n  o r  

t u rbu lence  d a t a .  One of t he  rocke ts  was f i r e d  a t  l o c a l  midnight and 

though a chemiluminescent t r a i l  was produced and winds were determined,  

no d i f f u s i o n  o r  tu rbulence  da ta  was obta ined .  The f o u r t h  r o c k e t  was 

f i r e d  dur ing  morning t w i l i g h t  and u s e f u l  obse rva t ions  f o r  d i f f u s i o n  and 

tu rbu lence  s t u d i e s  were recorded.  This  d a t a  w i l l  be d i scussed  i n  ano the r  

s e c t i o n  of t h i s  r e p o r t .  A summary of t h e s e  f i r i n g s  i s  a l s o  g iven  i n  

Table  1. 

R e s u l t s  from two of t h e s e  dur ing  

I .  
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SECTION 3 

WIND DATA 

The s t anda rd  70 mm cameras were used f o r  t h e  Wallops f i r i n g s .  Cam- 

era s i t e s  a t  Dover A i r  Force Base, Camp A.P. H i l l ,  Andrews A i r  Force  Base, 

and Dam Neck Naval S t a t i o n  were used. Wind d a t a  were reduced w i t h  t h e  

ana log  r educ t ion  system. (1)  

Modified K-24 cameras were used a t  F o r t  Church i l l .  S i t e s  were es- 

t a b l i s h e d  a t  Eskimo Po in t ,  Sea l  River, Belcher,  Twin Lakes, and t h e  launch 

a r e a .  These s i t e  l o c a t i o n s  a re  shown i n  F i g u r e  1. 

Winds were determined by not ing  t h e  motion of d i s c e r n i b l e  f e a t u r e s  

of t h e  c louds .  The p o s i t i o n s  of these  f e a t u r e s  f o r  a s p e c i f i c  t i m e  were 

computed from photographic  p l a t e  coord ina tes  us ing  t r i a n g u l a t i o n  t ech -  

n iques .  

The wind p r o f i l e s  f o r  t h e  f i v e  f i r i n g s  a r e  given i n  F igu res  2-11. 

For  each f l i g h t ,  wind speed and d i r e c t i o n  of t r a n s p o r t  of t h e  sodium 

t r a i l  a r e  g iven  as a func t ion  of a l t i t u d e  on s e p a r a t e  p l o t s .  Dates on 

t h e  f i g u r e s  a r e  based on s tandard  t ime. 
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The wind s t r u c t u r e s  f o r  t he  success ive  evenings a t  Wallops I s l a n d  

have some s i m i l a r i t i e s ,  bu t  g r e a t e r  d i f f e r e n c e s .  Below about  130 km, 

both p a t t e r n s  have numerous l a r g e  shear  reg ions ,  but  t h e  a l t i t u d e s  and 

r e l a t i v e  magnitudes of t h e s e  vary.  The g r e a t e s t  d i f f e r e n c e  i s  i n  t h e  

d i r e c t i o n  p r o f i l e ,  which shows a l m o s t  two complete 360 r o t a t i o n s  over  

t h e  measured a l t i t u d e  on 25 May, b u t  a r e v e r s a l  of d i r e c t i o n  on 24 May. 

Above 140 km, t h e  winds a r e  toward t h e  southern  hemisphere a s  has  f r e -  

quen t ly  been observed a t  Wallops. 

0 

The Church i l l  f l i g h t s  were the f i r s t  t o  be made a t  t h a t  l o c a t i o n .  

The winds from t h e  f i r s t  evening f i r i n g  and t h e  fo l lowing  morning a r e  

sepa ra t ed  by only  about  fou r  hours t i m e  d i f f e r e n c e  and c l e a r l y  show t h e  

changes i n  wind s t r u c t u r e  which occurred du r ing  t h i s  per iod .  The most 

prominent f e a t u r e  of bo th  of these  p l o t s  i s  t h e  h igh  wind speeds a t  t h e  

h igh  a l t i t u d e s .  Beginning a t  about 110 km, t h e  speed c o n t i n u a l l y  i n -  

c r eased  wi th  h e i g h t  u n t i l  i t  reached a maximum speed of 220 m e t e r s / s e c  

a t  160 km f o r  t h e  evening t w i l i g h t .  During t h e  fo l lowing  morning t w i -  

l i g h t ,  t h e  speed i n c r e a s e  wi th  he ight  was g r e a t e r ,  reaching  a v a l u e  of 

190 me te r s / sec  a t  125  km. This  i s  a ve ry  d i f f e r e n t  wind p a t t e r n  than  

h a s  been observed a t  Wallops I s land .  S imi l a r  s t r u c t u r e  a t  h ighe r  a l t i -  

t u d e s  i s  sometimes observed a t  Wallops, bu t  t h e  speeds a re  much l e s s  

and t h e  p a t t e r n  of i n c r e a s i n g  speed wi th  a l t i t u d e  u s u a l l y  s ta r t s  above 

140 km, never  as  low as 110 krn. On t h e  fo l lowing  evening t w i l i g h t  a t  

Church i l l ,  t h e  h igh  speed upper winds had g e n e r a l l y  reduced t o  less 

than  h a l f  of t h e i r  previous va lue  and a sharp  shear  had developed a t  
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100 km. Th i s  l a t t e r  p a t t e r n  i s  not a p p r e c i a b l y  d i f f e r e n t  from some pre-  

v ious ly  ob ta ined  a t  Wallops I s l and .  

The d i r e c t i o n a l  p r o f i l e  f o r  the Church i l l  winds d i d  n o t  change 

g r e a t l y  throughout t h e  pe r iod .  The wind d i r e c t i o n  was t o  t h e  n o r t h  only 

i n  t h e  r eg ion  100-120 km. The upper winds a re  a l l  toward t h e  sou the rn  

hemisphere as u s u a l l y  observed a t  Wallops I s l a n d .  

Cons iderable  e f f o r t  has  been a p p l i e d  t o  a n a l y s i s  of a l l  of t h e  Wal- 

lops  I s l a n d  d a t a .  A t  t h e  p re sen t  time, winds have been ob ta ined  from 

twenty-two d i f f e r e n t  t r a i l s  a t  Wallops. A pre l imina ry  a n a l y s i s  of t h i s  

d a t a  was p re sen ted  i n  t h e  f i n a l  r epor t  on c o n t r a c t  NASw-396. (4) It was 

shown t h a t  t h e  Wallops d a t a  and data from S a r d i n i a  f i t  a sys t ema t i c  

c l o s e d  f i g u r e  a t  c e r t a i n  a l t i t u d e s .  A more d e t a i l e d  a n a l y s i s  of t h i s  

r e p r e s e n t a t i o n  has  been made and a model of wind s t r u c t u r e  f o r  t h e  a l t i -  

t u d e  range  85 t o  135 km i s  proposed. The winds a t  any a l t i t u d e  a r e  con- 

s i d e r e d  t o  c o n t a i n  a p r e v a i l i n g  component and c y c l i c  component w i th  

pe r iods  of 24-hoursY 12-hours, and 8-hours.  Va lues  of t h e  magnitude and 

r e l a t i v e  phases  of t h e s e  components have been determined.  The l a r g e  ir- 

r e g u l a r i t i e s  observed i n  the  winds a r e  a t t r i b u t e d  t o  i r r e g u l a r i t i e s  i n  

phase of t h e  r e s u l t a n t  wind. A t e c h n i c a l  r e p o r t  e n t i t l e d  "An Exper i -  

men ta l ly  Determined Model f o r  t h e  P e r i o d i c  Charac te r  of Winds from 85 

t o  135 km," has  been prepared which g i v e s  a d e t a i l e d  account  of t h i s  

a n a l y s i s .  The r e a d e r  i s  r e f e r r e d  t o  t h a t  r e p o r t  f o r  t h e  d e t a i l s .  

A br ie r '  summary and d iscuss lo i i  of i he  msjor r e s u l t s  will be g iven  h e r e .  

(8)  
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The key r e s u l t ,  based on twenty-eight  t r a i l s  t h a t  have been measured 

s i n c e  195g9 i s  t h a t  t h e  wind vec tors  a t  any f i x e d  h e i g h t  i n  t h e  r ange  

85 t o  135 km t r a c e  out  a c losed  curve c o n s i s t i n g  of t h r e e  main loops.  

That such a curve  can be drawn f o r  a p a r t i c u l a r  s e t  of twenty-eight  

p o i n t s  i s  no t  e s p e c i a l l y  s i g n i f i c a n t .  That t h e  same k ind  of curve  can 

be drawn f o r  many sets  of d a t a  poin ts  corresponding t o  a l a r g e  number 

of f i x e d  l e v e l s  between 85 and 135 km, and t h a t  t h e  c h a r a c t e r i s t i c s  of 

t h e  curve  change smoothly wi th  he ight  adds g r e a t l y  t o  t h e  s i g n i f i c a n c e  

of t h e  r e s u l t .  F i n a l l y ,  when t h e  empi r i ca l  curves  a r e  f i t t e d  by a 

mathematical  formula based on phys ica l  c o n s i d e r a t i o n s ,  and t h e  parameters  

t h a t  d e s c r i b e  them a r e  found t o  vary w i t h  h e i g h t  i n  a s t r i k i n g l y  r e g u l a r  

way, t h e r e  seems t o  be l i t t l e  choice bu t  t o  regard  t h e  p a t t e r n s  as  s i g -  

n i f i c a n t .  Never the less ,  our present  conclus ions  should be regarded  a s  

t e n t a t i v e  u n t i l  enough new da ta  have been ga thered  t o  a f f o r d  a c r u c i a l  

t e s t .  

The f a c t  t h a t  t h e  h o r i z o n t a l  wind p a t t e r n s  a r e  c losed  curves  sug- 

g e s t s  p e r i o d i c  motion. 

and two over tones .  Presumably, the fundamental  frequency corresponds 

t o  a pe r iod  of 24 hours  and t h e  two over tones  t o  12-hour and & h o u r  com- 

ponents .  

Each C a r t e s i a n  component of t h e  wind v e c t o r  v a r i e s  harmonical ly  and t h e  

t i p  of t h e  v e c t o r  t r a v e r s e s  t h e  circumference of t h e  e l l i p s e  i n  a t i m e  

equa l  t o  t h e  pe r iod  of t h e  o s c i l l a t i o n .  

a r e  p r e s e n t ,  t h e  composite o s c i l l a t i o n  i s  desc r ibed  by a f i g u r e  t h a t  

The t h r e e  loops sugges t  a fundamental  f requency 

A s i m p l e  p e r i o d i c  o s c i l l a t i o n  i s  r ep resen ted  by an  e l l i p s e .  

I f  s e v e r a l  p e r i o d i c  components 
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r e su l t s  from adding up  t h e  ind iv idua l  wind v e c t o r s  a t  corresponding i n -  

s t a n t s  of t ime.  I n  t h e  c a s e  a t  hand, a f i g u r e  wi th  t h r e e  main loops r e -  

s u l t s .  The form of t h e  observed f i g u r e s  shows t h a t  t h e  8-hour component 

has  t h e  l a r g e s t  ampli tude.  The amplitude of t h e  12-hour component i s  

about  h a l f  t h a t  of t h e  8-hour component, w h i l e  t h a t  of t h e  24-hour com- 

ponent i s  about  h a l f  t h a t  of t h e  12-hour component. 

smal l  p r e v a i l i n g  component whose va lue  i s  c o n s i s t e n t  w i th  t h e  much more 

There i s  a l s o  a 

a c c u r a t e  radio-echo de termina t ions  of t h e  same q u a n t i t y .  

I n  t h e  mathematical  models, c i r c u l a r  r a t h e r  than e l l i p t i c a l  loops 

were used f o r  t h e  i n d i v i d u a l  per iodic  components. Ac tua l ly ,  some e v i -  

dence f o r  e l l i p t i c i t y  of t h e  loops can be found i n  t h e  d a t a  f i g u r e s ,  bu t  

t h e  a d d i t i o n a l  complexity t h a t  would r e s u l t  from us ing  e l l i p t i c a l  loops 

o f f s e t s  t h e  g a i n  i n  accuracy.  When more d a t a  become a v a i l a b l e ,  a more 

r e f i n e d  a n a l y s i s  may become worthwhile. 

The p resen t  a n a l y s i s  r ep resen t s  t h e  r e s u l t a n t  wind as  fo l lows:  

iao i (wt  + al) i ( h t  + a,> i ( h t  + a3) 
w = W e +Wle + W2e + W3e 

0 

The W ' s  a r e  t h e  magnitude of t h e  p r e v a i l i n g  and c y c l i c  components, and 

t h e  a ' s  a r e  t h e  r e l a t i v e  phases .  The v a l u e s  of t h e  magnitudes of t h e  

components a s  determined from mathematical  a n a l y s i s  of t h e  d a t a  f i g u r e s ,  

a r e  shown i n  F igu re  12. It should be noted  t h a t  t h e  a c t u a l  va lues  of 

a2, and a3 cannot be determined uniquely  wi thout  knowledge of a 

zero  t ime.  However, t h e  r e l a t i v e  phase of one component wi th  r e s p e c t  
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t o  t h e  o t h e r s  may be uniquely determined f o r  two of t h e  components. 

This  phase informat ion  a l lows  de termina t ion  of p e r m i s s i b l e  . va lues  of 

t h e  a's .  

and d i r e c t i o n  of t h e  p r e v a i l i n g  component i s  given i n  F igu res  14 and 15. 

Two such combinations a r e  shown i n  F igu re  13. The magnitude 

A l l  t h e  empi r i ca l  wind p a t t e r n s  can be a c c u r a t e l y  r ep resen ted  by 

t h e o r e t i c a l  curves. The de r ived  amplitudes and phases  of t h e  p e r i o d i c  

components vary wi th  he igh t  i n  a simple and r e g u l a r  way. Espec ia l ly  

n o t a b l e  i s  t h e  tendency f o r  phase changes t o  be concen t r a t ed  i n  narrow 

l a y e r s  and f o r  t h e s e  changes t o  amount t o  180' o r  360'. 

r e s u l t  from d e t a i l e d  a n a l y s i s  - -  one cannot e s t i m a t e  them a c c u r a t e l y  

simply by i n s p e c t i n g  t h e  f i g u r e s  -- t h i s  r e s u l t  a f f o r d s  convincing e v i -  

dence t h a t  t h e  mathematical  r e p r e s e n t a t i o n s  have genuine phys ica l  s i g -  

n i f i c a n c e .  

S ince  t h e  phases  

Although t h e  t i p  of t h e  wind vec tor  a t  a given h e i g h t  sweeps out  a 

p e r i o d i c  p a t t e r n ,  t h e  r a t e  a t  which i t  does so i s  no t  c o n s i s t e n t  w i th  

p e r i o d i c  motion. I f  t h e  winds were t r u l y  p e r i o d i c ,  any given p a i r  of 

p o i n t s  on t h e  wind p a t t e r n  would correspond t o  a d e f i n i t e  increment of 

t h e  l o c a l  t ime and a given p o i n t  would always correspond t o  t h e  same 

l o c a l  t i m e .  The observed l o c a l  times do n o t  conform t o  t h e s e  r u l e s .  

One can d e s c r i b e  t h e  s i t u a t i o n  mathematical ly  by say ing  t h a t  t h e  phase  

of t h e  wind a t  any given he igh t  contains  a l a r g e  c o n t r i b u t i o n  t h a t  v a r i e s  

i r r e g u l a r l y  - -  o r  a t  l e a s t  i n  an  unknown way - -  wi th  t i m e .  The v a r i a b l e  

p a r t  of t h s  phase i s  comiion t o  a l l  t h e  cm?oner . ts .  I f  it were est, t h e  
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t i p  of t h e  wind v e c t o r  would no t  t r a c e  a c losed  loop, bu t  would wander 

a l l  over  a two-dimensional reg ion .  Thus t h e  c y c l i c  components a r e  b e s t  

desc r ibed  as quas i -pe r iod ic .  

The a v a i l a b l e  d a t a  a r e  s u f f i c i e n t l y  numerous t o  show marked seasona l  

e f f e c t s  if they were p re sen t ,  bu t  no such e f f e c t s  have so  f a r  been i s o -  

l a t e d .  

The i r r e g u l a r  c o n t r i b u t i o n  t o  t h e  phase of t h e  wind v e c t o r  i s  

c h i e f l y  r e s p o n s i b l e  f o r  t h e  f a c t  t h a t  t h e  ampl i tudes  of t h e  p e r i o d i c  com- 

ponents  given by t h e  p r e s e n t  ana lys i s  a r e  much l a r g e r  than  t h o s e  der ived  

from t h e  radio-echo d a t a .  The i r r e g u l a r  phase c o n t r i b u t i o n  i s  p a r t i c u -  

l a r l y  e f f e c t i v e  i n  reducing  t h e  amplitude of t h e  8-hour component be- 

cause  d i sc repanc ie s  between a c t u a l  and "predic ted"  l o c a l  t i m e s  a r e  

normally of t h e  o r d e r  of s e v e r a l  hours.  

no con t r aduc t ion  e x i s t s  between the r e su l t s  of t h e  p re sen t  a n a l y s i s  and 

t h e  r e s u l t s  of t h e  rad io-echo  a n a l y s i s .  However, t h e  phys ica l  p i c t u r e s  

sugges ted  by t h e  two ana lyses  a r e  q u i t e  d i f f e r e n t .  

It i s  worth emphasizing t h a t  

The p i c t u r e  of wind s t r u c t u r e  t h a t  emerges from t h e  p re sen t  ana ly-  

s i s  does no t  f i t  i n t o  t h e  convent ional  theory  of fo rced  atmospheric  os- 

c i l l a t i o n s .  Even i f  t h e  theory  were modif ied t o  a l low f o r  t h e  e f f e c t s  

of n o n l i n e a r i t y  above 90 km, it would not  account  f o r  t h e  v a r i a b i l i t y  of 

t h e  t o t a l  phase.  

s t u d i e s ,  t h e  theory  w i l l  need t o  be modif ied i n  a fundamental  way. 

p re l imina ry  work on t h e s e  l i n e s  has a l r e a d y  been undertaken.  

Thus i f  t h e  p i c t u r e  i s  confirmed by f u t u r e  experimental  

Some 
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SECTION 4 

DIFFUSION DATA 

Di f fus ion  c o e f f i c i e n t s  have been determined from most of t h e  vapor 

t r a i l s  ob ta ined  a t  Wallops I s l and  s i n c e  1959 and t h e  t h r e e  t r a i l s  from 

F o r t  Church i l l .  The amount of r e l i a b l e  d a t a  obta ined  from each t r a i l  

v a r i e s  g r e a t l y  due t o  many f a c t o r s .  The b e s t  method of a n a l y s i s  depends 

on c a r e f u l  densi tometry of t r a i l  image i n  which both  t h e  sky background 

and t h e  o p t i c a l l y  dense c e n t e r  of t h e  t r a i l  a r e  recorded  on t h e  l i n e a r  

p o r t i o n  of t h e  E and H curve  of the  f i lm .  For most f i lms ,  t h i s  condi-  

t i o n  r e q u i r e s  t h e  use  of most of the l i n e a r  p o r t i o n  of t h e  curve,and 

c o n d i t i o n s  such as haze and background v a r i a t i o n s  reduce t h e  r e l i a b i l i t y  

of t h e  d a t a .  A l s o ,  densi tometry of some reg ions  of t h e  t r a i l  i s  p r e -  

vented  by s t r o n g  wind shea r s  o r  over lap  i n  t h e  d i r e c t i o n  of view. A t -  

mospheric c louds  a l s o  prevent  u se fu l  dens i tomet ry  even though t h e  t r a i l  

i s  o f t e n  v i s i b l e  through them and a c c u r a t e  winds may be determined.  

These f a c t o r s  g r e a t l y  l i m i t  t h e  data a t  a l t i t u d e s  above 180 km, where 

t h e  d i f f u s i o n  r a t e s  a r e  s o  f a s t  t h a t  t h e  cloud c e n t e r  remains o p t i c a l l y  

dense  f o r  on ly  a few minutes  and the  u s e f u l  observ ing  t i m e  i s  thus  s h o r t .  

The e r r o r  i n  exac t  a l t i t u d e  de te rmina t ion  i s  a l s o  inc reased  f o r  t r a i l s  
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of g r e a t e r  wid ths ,  caus ing  a wider spread i n  t h e  exper imenta l ly  d e t e r -  

mined p o i n t s .  

be  due t o  t h e  presence  of some l i t h ium l i g h t  on t h e  sodium t r a i l  nega- 

t i v e s .  The long wavelength cu to f f  of panchromatic f i l m  i s  used t o  r e -  

ject  t h e  l i t h i u m  l i g h t ,  but some of t h e  new f i l m s  have g r e a t e r  r ed  re- 

sponse and sometimes l a r g e  amounts of l i t h i u m  were used. This  e f f e c t  

has  not  y e t  been completely evaluated and t h a t  d a t a  i s  n o t  inc luded  i n  

t h e  averages .  

Some of t h e  d a t a  a l s o  con ta ins  u n c e r t a i n t i e s  which may 

A complete d e s c r i p t i o n  of t h e  a n a l y t i c a l  methods used i n  d a t a  r e -  

duc t  ion has  been given p rev ious ly  ( 2 y g ) .  The t o t a l  d a t a  t o  d a t e  i s  p r e -  

s en ted  and d i scussed  i n  t h i s  r epor t .  The da ta  i s  t a b u l a t e d  by d a t e  and 

a l t i t u d e  i n  Table  2. The amount of d a t a  decreases  a t  h ighe r  a l t i t u d e s ,  

and values from each t r a i l  may have been ob ta ined  from s e v e r a l  d i f f e r e n t  

observ ing  s i tes  because of t h e  prev ious ly  mentioned r e s t r i c t i o n s .  

The d i f f u s i o n  

may b e  r ep resen ted  

c o e f f i c i e n t  f o r  a minor gas  i n  t h e  e a r t h ' s  atmosphere 

a s  fo l lows :  

D = Cn m i  

where D i s  t h e  c o e f f i c i e n t  f o r  t h e  d i f f u s i o n  of t h e  gas  of molecular  

weight  m i  i n t o  t h e  ambient of mean molecular  weight ,  my and number den- 

s i t y ,  n. T i s  t h e  a b s o l u t e  temperature  and C (a l though i t  depends on 

t h e  e f f e c t i v e  c r o s s  s e c t i o n  of the  gases )  i s  e s s e n t i a l l y  cons t an t  f o r  

a p a r t i c u l a r  vapor .  The 1962 ARDC Standard Atmosphere proposes  an 
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TABLE 2 

DIFFUSION COEFFICIENT - WALLOPS 

2 
Date Height(km) D(cm /sec)  2 Date Height(km) D(cm /sec)  

6 19 Apr i l  61 105 2 . 0 2 ~ 1 0  16 Sept 61 107 3 . 5 5 ~ 1 0  6 

107 3.00 110 5.85 

( 3  sec)  110 3.64 ( 7  sec)  114 8.09 
7 1 1 2  9.88 115 1 . 0 7 ~ 1 0  

7 115 1 . 0 9 ~ 1 0  

120 5.24 

125 5.59 

8 145 2 . 2 4 ~ 1 0  

160 5.53 

170 5.54 

180 8.04 130 1 . 0 2 ~ 1 0  

140 1.99 190 8.64 

150 2.57 200 1.09x10 

155 2.82 1 7  Sept  61 100 2 . 5 1 ~ 1 0  

8 

9 

6 

20 Apr i l  61 120 4.11x10 104 3.92 

130 8.02 ( 7  sec)  107 3.22 

( 3  sec) 135 1 . 3 5 ~ 1 0  112 6.86 

7 

8 

7 150 2.69 116 1 . 5 1 ~ 1 0  

155 3.58 120 3.42 

170 6.52 
6 21 Apr i l  61 100 2 . 0 7 ~ 1 0  
7 

130 9.10 

140 1 . 6 9 ~ 1 0  8 

118 1 . 7 2 ~ 1 0 '  150 2.80 

( 3  sec)  120 4.01 160 4.49 

125 4.93 170 5.99 

130 8.16 1 March 62 106 3 . 4 2 ~ 1 0  

140 2 . 1 3 ~ 1 0  110 

150 3.35 (8 sec)  115 1 . 2 6 ~ 1 0  

160 3.99 120 2.29 

125 4.19 

130 6.94 

6 

6.86 
8 

7 
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TABLE 2 (continued) 

2 
D ( cm I / s ec) Height (km) 2 Date Height(km) D(cm /sec)  Date 

6 6 

7 
2 March 62 104 1 . 0 4 ~ 1 0  23 May 63 111 5 55x10 

106 2.36 115 1 13x10 

(8  sec)  108 3.96 (7 sec) 120 2.36 

110 6.51 1 2 5  4.24 

1 1 2  6.17 150 3 . 4 0 ~ 1 0  8 

115 9.18 

125 3 . 1 8 ~ 1 0  

23 March 62 106 5 . 8 6 ~ 1 0  

114 1 05x10 

7 

6 

7 

(7 sec) 120 2.08 

1 2 2  2.95 

132 4.16 
6 27 March 62 105 2 . 9 8 ~ 1 0  

10 7 3.83 

(3 sec) 110 3.98 

113 6 .22  

119 1 . 3 2 ~ 1 0  

30 Nov. 62 106 2 . 7 0 ~ 1 0  

7 

6 

110 5.22 

114 7.81 

120 4 . 7 1 ~ 1 0  

130 1.09xlO 

140 2.08 

150 2.85 

160 5.88 

7 

8 

(7  sec) 

6 

7 

8 

21  Feb 63 110 8 . 6 4 ~ 1 0  

115 1 . 3 2 ~ 1 0  

(7 sec j  130 i e 08x10 

140 2.02 

31 
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TABLE 2 (continued) 

DIFFUSION COEFFICIENT - CHURCHILL 

2 
D ( c m  /sec)  He igh t ( km) Date 

2 1  May 63 

?M 
106 

110 

117 

3. 69x106 

9.90 

2 . 7 2 ~ 1 0  7 

124 3.43 
6 22 May 63 108 5 86x10 

AM 1 1 2  

116 

8 .71  

1 . 3 3 ~ 1 0  7 

118 2.06 

124 3.84 
7 22 May 63 112 1 27x10 

PM 114 

120 

1.57 

2 .81  

127 7.55 

136 1.llxlO 8 

DIFFUSION COEFFICIENTS ABOVE 200 KM 

13 Sept 61 
AM 

9 202 1 . 1 8 ~ 1 0  

2 1  1 1 .76  

218 1.79 

231 3.50 

24 2 4.37 

260 4.59 

277 9 . 0 0 ~ 1 0  9 

11 

11 
410 2 . 7 7 ~ 1 0  - 

-II_. 

13 Sept 61 410 2 . 1 6 ~ 1 0  

10 Dec 60 370 3.8 x10 
PN 

10 

PM - 
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approximately l i n e a r  v a r i a t i o n  of m i n  t h e  range  100 t o  200 km. The 

va lues  a t  t hose  a l t i t u d e s  being about 29 and 25.5 r e s p e c t i v e l y .  Thus 

t h e  va lue  of t h e  reduced mass, (l/m 4- l / m i ) ,  has  very l i t t l e  v a r i a t i o n  

over t h a t  h e i g h t  range,  s i n c e  m i  i s  7 f o r  l i t h i u m  and 23  f o r  sodium. 

The r a t i o  of t h e  d i f f u s i o n  c o e f f i c i e n t s ,  D L i / D N a ,  a t  a p a r t i c u l a r  h e i g h t  

i n  t h i s  a l t i t u d e  range i s  almost  1 . 7  i f  an  average  v a l u e  of m and ap-  

p r o p r i a t e  v a l u e s  of t h e  c r o s s  sec t ion  a r e  used. The exper imenta l  measures 

show approximately t h i s  va lue ,  but t h e  number of measurements of 1it.hium 

i s  s t i l l  smal l  and thus  t h e  averaged va lue  c o n t a i n s  r e l a t i v e l y  l a r g e  er- 

r o r s  a 

I f  t h e  v a r i a t i o n  i n  t h e  reduced mass i s  neg lec t ed  over  t h e  a l t i t u d e  

involved,  t h e  h e i g h t  v a r i a t i o n  of t h e  c o e f f i c i e n t s  may be w r i t t e n :  

0 D = D  
0 n/no 

where D i s  t h e  va lue  of t h e  c o e f f i c i e n t  a t  a r e f e r e n c e  h e i g h t  a t  which 

T = T , a n d n = n .  

0 

0 0 

The r e s u l t i n g  he igh t  v a r i a t i o n  of D a s  ob ta ined  from t h e  v a r i o u s  

proposed ARDC Standard Atmospheresare shown i n  F igu re  16 a long  wi th  t h e  

averaged experimental  curve obtained a t  Wallops I s l a n d  f o r  sodium. The 

va lues  of T and n were taken a s  t h e  ground va lue  from t h e  1962 Standard 

Atmosphere. The va lue  of D i s  taken equal  t o  0 .2  cm / s e c .  Normalizat ion 

of t h e  v a r i o u s  curves a t  some point  i n  t h e  r eg ion  of d i f f u s i o n  measure- 

0 0 
2 

0 

ments causes  a d i s t o r t i o n  of t h e  r e l a t i v e  curves  due t o  t h e  changing 
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slopes. The measured diffusion coefficients confirm the relative ac- 

curacy of the most recent standards. However, there is some inconsistency 

between the measurements and the standards. If the variations in mean 

molecular weight are neglected, the quantity Dn/&should be constant 

with height. This quantity, composed of the measured diffusion coef- 

ficients and other values from the 1962 standard, is plotted as  a function 

o f  height in Figure 17. The variation from a const,ant value is a factor 

of 3 over the average 100 to 200 km altitude range. Thus the diffusion 

coefficients indicate a smaller height gradient of the factor n/fi than 

is shown by the Standard Atmosphere. 

The averaged curve for diffusion coefficients obtained at Fort 

Churchill is shown in Figure 18. 

is constructed from a very small amount of data. 

vious measurements of diffusion at higher altitudes compared to the 

Standard Atmosphere. 

It should be remembered that this curve 

Figure 19 shows pre- 
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SECTION 5 

TURBULENCE 

Above a h e i g h t  of 110 km, the  sodium t r a i l s  n e a r l y  always appear  

smooth and d i f f u s i o n  c o e f f i c i e n t s  determined from t h e  expansion r a t e  a r e  

i n  good accord wi th  t h e  theory  of molecular d i f f u s i o n .  Below t h i s  h e i g h t ,  

t h e  t r a i l s  g e n e r a l l y  a r e  n o t  smooth i n  appearance and t h i s  i r r e g u l a r  

s t r u c t u r e  toge the r  wi th  an expansion r a t e  g r e a t e r  than i s  expected from 

molecular  d i f f u s i o n  a lone  has  r a i sed  t h e  ques t ion  of t h e  e x i s t a n c e  of 

t u rbu lence  i n  t h e  atmosphere. This ques t ion  was d i scussed  i n  GCA 

Technical  Report  No. 62-12-N e n t i t l e d  "On the  Ques t ion  of Turbulence i n  

t h e  Upper Atmosphere. "('') 

of hydrodynamic turbulence  was discussed.  The d i f f i c u l t i e s  of a gene ra l  

I n  t h i s  r e p o r t ,  t he  mathematical  r e p r e s e n t a t i o n  

s o l u t i o n  t o  t h e  problem were ind ica t ed  and t h e  r e s u l t s  of t h e  most 

developed t h e o r i e s  were d iscussed .  It i s  apparent  t h a t  a complete 

s t a t i s t i c a l  theory  of tu rbulence  which can be d i r e c t l y  app l i ed  t o  t h e  

upper atmosphere does no t  exist  a t  t h e  p r e s e n t .  However, t he  most 

widely known theory  was o r i g i n a l l y  developed by Kolmogoroff and has  s i n c e  

been modified by many au tho r s .  The b a s i c  concept i s  t h a t ,  a t  h igh  

Reynolds numbers a l l  t u r b u l e n t  motion has  t h e  same s o r t  of small  s c a l e  

s t r u c t u r e  which is i s o t r o p i c  and s t a t i s t i c a l l y  uni fc rm even though t h e  
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mean flow may vary  widely.  

of a spectrum of eddies  having e f f e c t i v e  wavelengths which vary from 

those  c h a r a c t e r i s t i c  of t h e  mean flow down t o  a lower l i m i t  where energy 

i s  absorbed i n t o  t h e  random h e a t  motion of t h e  molecules  by v i s c o s i t y .  

Energy from t h e  mean f low is  t r a n s f e r r e d  t o  t h e  l a r g e r  e d d i e s  and then  

on down t h e  spectrum u n t i l  i t  is converted i n t o  h e a t .  On t h i s  b a s i s ,  

Kolmogoroff formulated two s i m i l a r i t y  hypotheses ,  

A t u r b u l e n t  f low i s  cons idered  t o  be  composed 

,e 
(1) The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  t h e  t u r b u l e n t  motion depend 

o n l y  on t h e  mean energy d i s s i p a t i o n  per  u n i t  mass of f l u i d  and on 

v i s c o s i t y .  

(2) The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  l a r g e r  e d d i e s  depend 

o n l y  upon t h e  r a t e  of energy d i s s i p a t i o n .  

From t h e s e  hypotheses ,  one can d e r i v e  c e r t a i n  p r e d i c t i o n s  concerning 

t h e  flow. The expansion r a t e  can be  shown t o  be:  

2 (1) For small  t imes: 

(2) For i n t e r m e d i a t e  t i m e s :  < r2  > - T 

< r2  > - < r2  > - T 
0 

3 

Other approaches t o  t h e  problem have p r e d i c t e d  exp i o n  r tes  

The r e a d e r  which a r e  governed by even h igher  valued f u n c t i o n s  of  t i m e .  

i s  r e f e r r e d  t o  t h e  previous r e p o r t  f o r  d e t a i l s  of t h e  t h e o r i e s .  

In  t h e  r e f e r e n c e d  r e p o r t ,  a t tempts  were made t o  i n t e r p r e t  t h e  

growth of t h e  i r r e g u l a r  p o r t i o n s  of t h e  t r a i l s  a s  tu rbulence  i n  t h e  

atmosphere.  These a t tempts  were not c o n c l u s i v e  because of c e r t a i n  e r r o r s  
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i n h e r e n t  i n  t h e  a n a l y t i c a l  method. S ince  t h a t  t i m e ,  more d a t a  have 

become a v a i l a b l e  and c a r e f u l  a n a l y s i s  h a s  y i e l d e d  d e f i n i t e  growth r a t e s  

i n  some r e g i o n s  of t h e  i r r e g u l a r  t r a i l .  Perhaps t h e  most in format ion  

was obta ined  i n  January 1964, a t  which t i m e  t h e  appearance and growth 

of t h e  t r a i l  were recorded with a camera having a 36" f o c a l  l e n g t h ,  

en larged  image showed t h e  i n i t i a l  appearance and growth of t h e  t r a i l  

i r r e g u l a r i t i e s .  Photographs of t h i s  t r a i l  a r e  shown i n  F igures  20 t o  24. 

The s u c c e s s i v e  photographs show t h a t  t h e  t r a i l  i r r e g u l a r i t y  h a s  two 

d i s t i n c t  types of s t r u c t u r e .  Below about  100 km, t h e  appearance may be  

d e s c r i b e d  a s  " s t r i n g y , "  and above 100 km t h e  s t r u c t u r e  which develops 

may b e  termed "globular ."  

much f a s t e r  than  expected from molecular d i f f u s i o n ,  and i r r e g u l a r  

s t r u c t u r e  develops r a p i d l y .  

t h e  i n d i v i d u a l  shapes change very l i t t l e  even though t h e  growth i s  r a p i d .  

The 

In  both r e g i o n s ,  t h e  t r a i l  expands a t  a r a t e  

However, a s  i s  e a s i l y  noted i n  t h e  l lglobules ,"  

This  appearance i s  t y p i c a l  of most of t h e  vapor t r a i l s .  However, 

a l l  t r a i l s  do n o t  have a s  much developed " g l o b u l a r ' ~  s t r u c t u r e .  

i s  a summary of d a t a  on a l l  of t he  t r a i l s  from Wallops I s l a n d  i n  which 

t h e  occurrence o r  absence of t h e  "globules" could be  determined. It i s  

seen  t h a t  they  occur i n  t h e  reg ion  100 t o  110 km, and may be p r e s e n t  i n  

any p a r t  o r  n e a r l y  a l l  of t h i s  region. 

i s  always below t h i s  a l t i t u d e  and appears  i n  most t r a i l s .  A f a c t  worthy 

of n o t e  i s  t h a t  t h e  presence of the g l o b u l e s  i s  independent of t h e  wind 

s h e a r  a t  t h a t  h e i g h t .  

t i m e s  when t h e  s h e a r  i s  near  zero a s  i n  F igure  20, arid a t  t i m e s  of h igh  

Table 3 

The "s t r ingy"  type  of i r r e g u l a r i t y  

They a r e  present  wi th  about  equal  f requency a t  
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Figure 20. Photograph of vapor t r a i l  f o r  16  January 1964, morning 
t w i l i g h t ,  from Dover a t  122 seconds a f t e r  launch. 
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Figure 21. Photograph of vapor trail for 16 January 1964, morning 
twilight, from Dover at 152 seconds after launch. 
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shea r  a s  i n  F igure  25. When a shear  i s  p r e s e n t ,  t h i s  i n i t i a l ,  n e a r l y  

s p h e r i c a l ,  shape of t h e  g lobu le  i s  quickly d i s t o r t e d  by t h e  s h e a r ,  and 

sometimes forms long plumes a s  shown i n  F igure  26. Only a t  t imes of low 

shea r  i s  t h e  constancy of shape r e a d i l y  apparent  even though t h e  s c a l e  

i s  changing r a p i d l y .  A t  t h e s e  t i m e s  t h e  growth r a t e  may be measured 

wi th  h igh  accuracy. Seve ra l  such "globules" have been measured. Some 

of t h e  growth r a t e s  a r e  shown i n  Table 4 and i n  F igu re  27.  The r a d i i  of 

t h e  g l o b u l e s  a r e  shown a s  a func t ion  of t i m e .  The i n c r e a s e  i n  r a d i u s  i s  

seen  t o  be l i n e a r  w i th  t i m e ,  a t  a r a t e  of from 3 t o  5 m/sec. The r a t e s  

appear t o  be  independent of a l t i t u d e  b u t  con t inue  f o r  a s  long a s  obser -  

v a t i o n  i s  p o s s i b l e  on any t r a i l . '  One of t h e  t r a i l s  a t  F t .  Church i l l  was 

observed f o r  about 18 minutes.  It is o f t e n  p o s s i b l e  t o  measure t h e  

growth of t r a i l s  between expanding g lobules .  

p a r t s  of t h e  t r a i l  is  t h e  same a s  t h a t  of t h e  g lobules .  

below t h e  g l o b u l a r  r e g i o n  t h e  growth i s  much more d i f f i c u l t  t o  measure. 

The " s t r ingy"  p o r t i o n  g e n e r a l l y  h a s  no symmetr ica l ly  shaped p a r t s  and 

because  of t h e  g r e a t l y  vary ing  dens i ty  a c r o s s  t h e  width of t h e  t r a i l ,  

u n c e r t a i n t i e s  i n  t h e  photographic record ing  a r e  inc reased .  However, 

some r e g i o n s  permi t  a c c u r a t e  measurement, and average  measurements of 

t o t a l  width have been made on s e v e r a l  t r a i l s .  The t r a i l  growth a t  t h e s e  

a l t i t u d e s  show t h e  same time dependence a s  above b u t  t h e  r a t e  i s  lower. 

F igu re  28 shows t h e  growth r a t e  of non-globular p a r t s  of t h e  t r a i l s .  

The growth r a t e  of t h e s e  

A t  a l t i t u d e s  

I n t e r p r e t a t i o n  of t hese  observa t ions  i n  terms of t h e  p r e s e n t  math- 

ex la t i ca l  repreSenta t i . cn  of hydrodynamic tu rbu lence  p r e s e n t s  some s e r i o u s  
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TABLE 4 

TURBULENCE 

Growth 

m/sec 
Date Height Rate Type Site 

~ ~~~~~ 

2 March 1962 80.4 

85 

93.3 

95 

96 

97.6 

100.5 

101.9 

1.6 

1.1 
2.6 

4.4 
2.2 

3.2 

5.0 

3.6 

Dover 

17 April 1962 93 

94 

102 

2.7 Hill 

4.1 globule Wallops 

4.8 Hill 
105 3.6 Hill 

22 May 1963 98.1 4.1 Belcher 

98.1 4.1 Eskimo Point AM 

16 Jan 1964 95 

AM 102.2 

102.6 

104 
104 

107 

109 

3.4 Dover 

3.55 

3.65 

4.7 
5.5 globule 

5.5 globule 

3.35 globule 
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d i f f i c u l t i e s .  The r a p i d  growth of  the s y m e t r i c a l  g lobules  w i t h o u t  

change of  shape i s  h i g h l y  u n c h a r a c t e r i s t i c  of tu rbulence  a s  descr ibed .  

The g l o b u l e s  have been d e t e c t e d  wirh r a d i u s  a s  smal l  a s . 1  km. Thus t h e  

s c a l e  of t h e  l a r g e s t  e d d i e s  would be about  10 meters. Such smal l  s c a l e  

e d d i e s  would quick ly  be  damped o u t  by t h e  h i g h  v i s c o s i t y  a t  100 km. 

f a c t  t h a t  t h e  g l o b u l e s  develop i n  reg ions  of very  low s h e a r  c o n t r a d i c t s  

t h e  popular  theory  t h a t  t h e  turbulence  i s  produced by t h e  h i g h  wind 

s h e a r s  t h a t  o f t e n  occur  i n  t h e  same h e i g h t  range. Furthermore,  r e c e n t  

t h e o r e t i c a l  work, sugges ts  t h a t  t h e  observed r a t e s  of s h e a r  a t  t h e  100-km 

level would r a r e l y  i f  ever  be  a b l e  to  s u s t a i n  turbulence .  

The 

The observed expansion r a t e s  of t h e  g l o b u l e s  a r e  n o t  p r e d i c t e d  by 

e x i s t i n g  turbulence  theory.  Although t h e  expansion f o r  e a r l y  t i m e s  i s  

t h e o r e t i c a l l y  p r e d i c t e d  t o  be  l i n e a r l y  p r o p o r t i o n a l  t o  t i m e ,  a h igher  

power of t dependency should b e  apparent  w e l l  w i t h i n  t h e  a v a i l a b l e  t i m e s  

of o b s e r v a t i o n s .  

The formation and growth of the t r a i l  i r r e g u l a r i t i e s  do n o t  have 

t h e  c h a r a c t e r i s t i c s  of hydrodynamic turbulence .  Thus, one must conclude 

t h a t  t h e  vapor t r a i l s  do no t  show evidence t h a t  tu rbulence  e x i s t s  i n  t h e  

atmosphere and t h a t  t h e  vapor t r a i l  i r r e g u l a r i t i e s  a r e  due t o  another  

phenomenon. Of course ,  t h i s  does not prec lude  t h e  p o s s i b i l i t y  t h a t  t h e  

dynamics of t h e  atmosphere a r e  r e s p o n s i b l e  i n  a manner n o t  y e t  under- 

s tood .  Another p o s s i b i l i t y  i s  t h a t  t h e  d i s t u r b a n c e  i s  i n  some way 

connected wi th  t h e  formation of t h e  t r a i l .  I n  f a c t ,  t h e r e  i s  evidence 
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i n  suppor t  of  such a conclus ion .  The i r r e g u l a r i t i e s  occur on ly  when 

the  vapor i s  be ing  v igo rous ly  e j e c t e d .  This occurs  on t h e  upward t r a i l  

from Wallops I s l a n d  b u t  n o t  on t h e  down t r a i l  s i n c e  t h e  vapor i ze r  ends 

r a p i d  burn ing  b e f o r e  reaching  t h e  100-km l e v e l  on t h e  down p a r t  of t h e  

t r a j e c t o r y .  The down t r a i l  i s  much l e s s  dense a t  100 km b u t  e a s i l y  

obse rvab le  and always smooth throughout t h e  reg ion .  In some of t h e  

French sodium t r a i l s  i n  t h e  Sahara ,  vapor e j e c t i o n  was v igorous  a t  

100 km on both  t h e  upward and down t r a i l s  and t h e  t r a i l  becomes i r r e g u l a r  

i n  appearance on both  t r a i l s  a t  t h e  same h e i g h t .  I r r e g u l a r i t i e s  i n  

q u a n t i t y  and p r e s s u r e  of t h e  e j e c t e d  vapor c e r t a i n l y  occur b u t  cannot 

e x p l a i n  t h e  r a p i d  and p e r s i s t a n t  growth r a t e .  

It h a s  been sugges ted  t h a t  exothermic chemical r e a c t i o n s  may cause 

t h e  phenomena. 

\ 
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SECTION 6 

CORRELATION OF W I N D  STRUCTURE AND SPORADIC E 

The r e l a t i o n s h i p  of wind shear  t o  t h e  formation and e x i s t e n c e  of 

Sporadic  E has  been d iscussed  t h e o r e t i c a l l y  by many i n v e s t i g a t o r s .  Per-  

haps t h e  most widely accepted  hypothesis  a t  t h e  p re sen t  i s  due t o  

Whitehead , i n  which a h igh  h o r i z o n t a l  wind shea r  i n t e r a c t i n g  wi th  

t h e  e a r t h ' s  magnetic f i e l d  w i l l  r e d i s t r i b u t e  e x i s t i n g  ions  i n t o  l a y e r s  

w i th  r e l a t i v e l y  h igh  v e r t i c a l  g rad ien t s .  An experimental  i n v e s t i g a t i o n  

of t h i s  r e l a t i o n s h i p  was conducted a t  Wallops I s l a n d  i n  November and 

December of 1962. On t h r e e  occasions n e a r l y  s imultaneous measurements 

of e l e c t r o n  d e n s i t y  p r o f i l e s  and wind  p r o f i l e s  were obta ined  i n  t h e  h e i g h t  

range  80-130 km. Previous and some more r e c e n t  experimental  comparisons 

us ing  ground based obse rva t ions  of t h e  i o n i z a t i o n  p r o f i l e ,  have found 

va ry ing  degrees  of agreement wi th  the wind shear  theory .  However, such 

agreement i s  n o t  r e a d i l y  apparent  i n  t h e  Wallops d a t a .  I n  f a c t ,  c l o s e  

a n a l y s i s  shows some s e r i o u s  disagreement.  

i o n i z a t i o n  do no t  form i n  reg ions  of h igh  shea r  a s  p r e d i c t e d  by t h e  theory .  

I n  f a c t ,  m u l t i p l e  peaks a r e  apparent ly  independent of t h e  gene ra l  shear  

flow. 

A l l  of t h e  l a y e r s  of enhanced 

Also t h e  shape of t h e  l a y e r s  show d i f f e r e n c e s  from t h e  p r e d i c t i o n ,  
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and t h e  p r e d i c t e d  r educ t ion  of e l e c t r o n  d e n s i t y  on e i t h e r  s i d e  of a peak 

i s  no t  i n d i c a t e d  by t h e  observa t ion .  F i n a l l y ,  t h e  sharp  l a y e r s  of en- 

hanced i o n i z a t i o n  show a s t r i k i n g  c o r r e l a t i o n  wi th  smal l  s c a l e  wind 

s t r u c t u r e .  

A complete d i s c u s s i o n  of t h e  theory and d a t a  has  been g iven  by Do 

Layzer i n  a paper e n t i t l e d  "Genera l iza t ion  and C r i t i q u e  of t h e  Wind Shear 

Theory of Sporadic  E" and 

of Geophysical Research. S ince  p a r t  of t h i s  work was sponsored under 

t h i s  c o n t r a c t ,  t h i s  paper i s  included as an  appendix t o  t h i s  r e p o r t .  

publ ished i n  t h e  May 1 issue of t h e  J o u r n a l  
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SECTION 7 

MEASUREMENTS OF UPPER ATMOSPHERE TEMPERATURE 

7 . 1  THE IMPORTANCE OF TEMPERATURE I N  UPPER ATMOSPHERIC PROCESSES 

7 . 1 . 1  Sca le  Height.  The general  law governing a n e u t r a l  atmosphere 

i s  

3 =dn+dT= - - dz 
dH P n T  

kT 
mg 

where t h e  s c a l e  h e i g h t  i s  H = -. The behavior  of g with he igh t  i s  

known from g r a v i t a t i o n a l  theory .  However t h e  mean molecular  weight ,  

m and temperature  T cannot be accu ra t e ly  p r e d i c t e d  from p h y s i c a l  theory  

and i t  i s  obvious t h a t  measurements of p re s su re  made a t  va r ious  h e i g h t s  

i n  t h e  atmosphere can only  be converted t o  temperature  measurements i f  

assumptions a r e  made about t he  mean molecular  weight .  Since oxygen 

d i s s o c i a t i o n  does n o t  become important below a h e i g h t  of about  100 km, 

t h e  i n t e r p r e t a t i o n  of p re s su re  vs  he igh t  d a t a  becomes reasonably  s imple 

and unambiguous. However a t  he igh t s  g r e a t e r  than  100 km oxygen d i s so -  

c i a t i o n  becomes impor tan t ,  and t h e  concen t r a t ion  of t h e  l i g h t e r  c o n s t i t -  

uen t s  (hydrogen and hel ium i n  p a r t i c u l a r )  i n c r e a s e s ,  r e s u l t i n g  i n  a 

r e d w t i s r ,  cf t h e  mear, mclecular  weight.  
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Dissociation of molecular oxygen is caused by solar radiation in 

the Schumann-Runge continuum (X < 17508). 

is proportional to T so calculations on the equilibrium of atomic and 

molecular oxygen will be sensitive to temperature. In addition, the 

equilibrium mixture will be modified by vertical diffusion, which again 

is temperature dependent. 

The recombination coefficient 

f 

7.1.2 Diffusive Separation of Lighter Constituents. In an iso- 

thermal atmosphere in diffusive equilibrium, each constituent is distrib- 

uted with density which varies exponentially with height, ignoring the 

height dependence of gravity. 

-) where Hm is the scale height. z That i s  nm 0: exp(- -) = exp(- kT Hm 
This shows that at large heights the concentration of lighter species will 

be favored, and at the F peak (z > 300 km) the atmosphere consists mainly 

of atomic oxygen and hydrogen. 

lecular" weight,cannot be deduced without knowledge of the temperature 

and temperature gradient. At heights below 100 km mixing, due to winds, 

turbulence, convection, etc., prevents separation of the constituents. 

There will also be an increasing amount of argon and helium with increas- 

ing height, and again the distribution will be temperature-dependent. 

2 

The ratio of these and hence the mean'ho- 

I 

7.1.3 Heat Transfer in the Thermosphere. The thermosphere is a 

region of increasing temperature as the height rises above 100 km, where 

the temperature is about 210 K .  The temperature and composition changes 

gradually from that of the earth's atmosphere, to that of the sun's outer 

0 
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corona, beyond the exosphere. From considerations of the outermost 

regions of the solar corona Chapman ( I2 )  suggests that at the distance 
0 

of  the earth the coronal temperature is in the region 50,000 to 100,000 K.  

We must therefore have a gradual increase of temperature with height and 

obviously the higher portions of the earth’s atmosphere cannot 

sidered isothermal. 

be con- 

Also the corona becomes a large source of energy 

for the outer atmosphere, many times greater than the direct radiation 

received from the sun. The influx of energy cannot be calculated due 

to lack of accurate data about the distant corona, but it may be de- 

rived from knowledge of - and the thermal conductivity of the atmos- dT 
dz 

phere. Bates ( I3 )  however, shows that the heating due to the solar 

corona will not be conducted down from the exosphere, but will act 

directly on the thermosphere, the exosphere remaining isothermal. Thus 

at some height we may expect the temperature increase to become reduced, 

perhaps at a few thousand degrees K. 

to account for the equilibrium between formation and escape of helium 

the temperature of the exosphere must be about 1900 K. 

Bates and McDowell ( I 4 )  show that 

0 

7.2 MEASUREMENTS OF UPPER ATMOSPHERE TEMPERATURES 

The chief source of upper atmosphere temperatures in the region 

below 100 km has been the grenade experiment. This depends on the fact 

that the velocity of sound in a gas is equal to ,/? . Below 100 km 

7 and m are sufficiently well known to enable the data from grenade ex- 

plosions to be interpreted as temperatures and winds. 
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However, above 100 km the grenade method is no longer available 

due to limitations in the sensitivity of the microphones, and the inter- 

pretation depends on the adopted constitution of the atmosphere. Pressure 

and density data may be obtained to greater heights, and the effect of 

these on satellite orbits is another source of data at large altitudes. 

The pressure data cannot yield temperatures without knowledge of m. 

Present estimates of temperature in the region above 100 km are 

based on pressure and density data, certain assumptions having been made 

about the dissociation of oxygen and nitrogen, and about the diffusive 

separation of the constituents. 

It has been possible to measure upper atmosphere temperatures by 

observations on the night airglow. However this information is of  little 

use unless the altitude of the emitting layer is also known. 

The results of these investigations have been summarized by 

Arms trong (15) and some of the data are given in Table 5. 

These values show the range to be expected. The 1962 Standard 

Atmosphere would suggest that the last two temperature points correspond 

more closely to the bottom of the altitude range given. 

Following a suggestion by Bates ( I6 )  several groups have laid sodium 

trails in the region 85-220 km, and by means of photographic triangula- 

tion have tracked the motions of the trails to give wind data in this 

region. The light of the trail is due to resonance scattering of 
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TABLE 5 

Emi s s ion Height Temperature Observer 

OH Rotation Bands 

OH Rotation Bands 

0 Atmospheric Bands 

Na D lines (twilight) 

01. 5577A 

2 

0 

01. 5577i 

01. 63002 

01. 55778 (Aurora) 

01. 63002 (Twilight) 

0 

about 70 km 

about 70 km 

about 80 km 

85 km 

95 km 

95 km 

1 1 6 - 3 00 km 

120-150 

1 50 - 2 00 km 

260 + - 5'K 

200 + - 20°K 
150 + - 20°K 
240°K 

1 5 5 - 2 3 1°K 

180- 220°K 

< 500°K 

330 -4 lOoK 

750 + - 150°K 

Meinel, Dufay 

Gush & Jones 

Meinel 

Bricard & Kastler 

Wark & Stone 

Arms trong 

Cabannes & Dufay 

Arms trong 

Wark 
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sunlight. Therefore the Doppler broadened profile of the emission lines 

should yield information about the temperature of the atoms, since only 

a few collisions are necessary to reduce the temperature of the trail 

atoms to the ambient temperature. With sodium trails the situation is 

not quite so simple. The profile of the line will be modified by the 

following processes. 

(1) The trail may be optically thick resulting in a relative re- 

duction in intensity towards the center of the emission lines. Thus 

the observed half-width will be greater than the true half-width cor- 

responding to Doppler broadening. The absorption cross-section for the 

D line (5889.9A) being twice that of the D1 line (5895.9A), the inten- 

sity ratio of D to D will be reduced from 2:l to 1:l as self-absorption 

increases. Actually, due to the Fraunhofer D lines in the solar spectrum, 

the intensity ratio of the illuminating radiation is 0.85 to 1 so the 

observed intensity ratio for small optical thickness should be 1.7 to 1, 

decreasing to 0.85 to 1 as the optical thickness becomes much greater 

than unity. 

0 0 

2 

2 1 

(2) The illuminating sunlight may have to pass through the ter- 

restrial sodium layer (at about 85 km, extending up to 115 km). This 

will modify both the profiles and the intensity ratio of the illuminating 

radiation by an amount which depends on the geometry of the layer and 

the solar depression. 

(3) Hyperfine structure will be apparent at temperatures of about 

0 500 K, or less (17) so analysis would be very difficult even if the 

composite profile could be observed. 
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A Fabry-Perot interferometer has been used in observations on a 

sodium vapor traiL(18) Even where the trail was faint, and therefore 

optically least dense, it was shown that the D /D ratio of sodium did 

not increase above 1.4, and the profiles obtained were considerably 

broader than could be attributed to any reasonable temperature at the 

trail height (h - < 215 km). 

resonance radiation of the natural sodium layer, when it is least in- 

tense, never reaches a D ID ratio of 1.7. 

2 1  

It is interesting t o  note t h a t  the twilight 

(19Y20) 
2 1  

Following the observation of the second resonance doublet of sodium 

in vapor trail releases (21y22y23) it was thought that perhaps other 

emission lines of sodium should be present, which would not suffer from 

self-absorption. Any line will suffer self-absorption if its lower 

level is the ground state of the atom. In addition the profile of an 

emission line may be modified if its upper level is populated by a 

transition which is subject to self-absorption. An examination of all 

the spectra of the alkali metals was made and it was concluded that the 

81268 doublet of lithium would be most suitable for temperature deter- 

minat ions (24) for the following reasons: 

0 

(1) It complies with both the conditions stated above so that the 

line profile should not be modified by self-absorption. 

(2) There is no strong twilight or night airglow emission near to 

81262. 
0 

(3)  There is no strong atmospheric absorption near 8126A. 

(4) The hyperfine structure splittings are so small as to cause 

0 no measurable distortion of the profiles above 200 K. 
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The intensity of the sodium emission is about 1 photon/sec atam. 

However as the trail is optically thick it is expected that the effective 

emission rate is considerably less than this. The calculated emission 

rate for the lithium doublet in the same circumstances is about 10 pho- 

ton/sec atom. 

is limited by the available energy in the solar spectrum. In the case 

of the lithium 8126A lines, the energy is limited by the available solar 

energy at 3232g. 

be a triplet, the isotope splitting being almost equal to the fine 

structure splitting. 

-2 

Since the trails are optically thick, the intensity seen 

0 

Due to the two isotopes of lithium, the lines appear to 

Therefore an attempt was made to observe the intensity of the 
0 

812614 doublet from a trail of lithium and sodiumvapor laid be Nike-Apache 

rockets launched from Wallops Island. Several photometers using bire- 

fringent filters of the type described by Dunn and Manring (25) were 

available. As these incorporated half- and quarter-wave retarding 

plates, which only behave as such near 5500g, it was felt that the 

depth of modulation achieved at 3232g and 8126g would be very small. 

Thus the filter wheels were modified to enable the dielectric filtersto 

be rocked. This enabled the photometer to scan from h to A and 

back again. The wavelength sweep was made approximately a linear func- 

tion of time, by cutting the cam suitably. It was found that during a 

scan, which lasted about three seconds, the peak transmission of the 

filter diminished, and the bandwidth increased, in such a manner that a 

continuum produced iittie modulation of the output current, but that a 

line source caused sharp peaks to appear on the recording. 

max min 

A phase 
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marker was also recorded so that the position of the peak could be de- 

termined, and it was also found that a wavelength could be identified 

by the waveform it produced. The output from the photonultiplier was 

passed through a DC amplifier and recorded. 

The four rockets in the January 1964 series were launched as 

follows : 

Two at evening twilight. Due to rocket malfunction, neither of 

these trails reached sufficient altitude to be useful for these 

observations. 

One about midnight. The trail appeared briefly as sodium D line 

emission. No emission at 8126g was seen, or expected. 

One at morning twilight. Contrary to expectation, no 81268 radi- 

ation was seen. 

The filters on the photometer were chosen to examine the bright- 

ness of the sodium D lines, the first resonance lines of lithium, the 

070 band of aluminum oxide, and the 81268 lines of lithium. The anal- 

ysis of the records to give an intensity-time plot is not yet complete, 

but the 81262 radiation, if any, was undetectable. 

0 

The appearance of the 33032 doublet of sodium is somewhat sporadic , 

both in frequency and intensity. It has only been seen at morning twi- 

light, and the intensity ratio 58932133038 has values ranging from 

1 to 100. It is difficult to explain this phenomena. The ozone absorp- 

tion, peaking at 26508, is fairly low in the region 3200%-3300A, and 

0 

0 0 
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the density of ozone above 50 km is not great. Further investigation 

of this topic is required. It is possible that photochemical action is 

responsible for the higher intensities of 33038 radiation. 
0 

7.3 TEMPERATURE MEASUREMENTS USING THE 6707: DOUBLET OF LITHIUM 

Some of the disadvantages of using sodium trails may be overcome 

by using lithium. There is no Fraunhofer line at these wavelengths, the 

earth's atmosphere contains practically no lithium, and there is no twi- 

light enhanced layer against which the lithium radiation must be measured. 

We still require to deal with self-absorption, fine structure, hyperfine 

structure, and isotope splitting. A means of dealing with all but the 

foremost exists. 

The profile of a spectral line of zero width, when seen through a 

Fabry-Perot interferometer, is given by the Airy function 

T2 
n 

where T and p are the transmission and reflection powers respectively 

of the reflecting layers, and x is given by 

2T cos (P 
x x =  

where T is the interferometer plate spacing, X is the wavelength and 0 

is the angle between the direction of view and the normal to the plates. 
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Krebs and Sauer (26) have shown that this may also be expressed as 

a Fourier series, which, neglecting a constant multiplier is 
00 

I(x) = 1 + 2 pn cos  2fi nx . 
n=l 

Each term in the expansion may now be convolved with the Gaussian 

distribution function corresponding to a Doppler broadened line, yielding . 

2 2  I(x) = 1 + 2 7 pn exp(-A/ p n ) Cos 2fi nx 
L 
n=l 

where A/ is a constant, and p is the Doppler width of the line expressed 

in terms of the spectral range of the interferometer. 

It has been shown ( 2 7 )  that if a scanning Fabry-Perot is made to 

oscillate so that the optical thickness follows a saw-tooth waveform as 

a function of time, and if the amplitude of oscillation is an integral 

number of half-wavelengths, the output from a photomultiplier observing 

an infinitesimally small region at the center of the fringe system will 

be given by 

p exp(-A/ p2 n2) Cos 2fi n Ut. f n  i(t) = 1 + 2 

n=l 

Where there are Mwavelength components in the fine, and hyperfine 

structure of the line, and where the scanning hole has a finite radius 

p/ (orders),the output will now be given by 
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S i n  8 M a  

n'm k exp(-A/ p2 n2) Cos(2fl n u t - A )  
n 1 1 I m  pn e n , m  

i ( t)  = 1 + 2 

m = l  n= l  

where 

k n =/(IIm Cos 2fl n 6:s + ( 1 1  m S i n  2fi n 6" m 

m m 

and 

t h  where I and h a r e  the i n t e n s i t y  and wavelength of  t h e  m component, m m 

r i s  t h e  p h y s i c a l  r a d i u s  of the scanning h o l e  

I n  t h e  c a s e  of  l i t h i u m  t h e  components a r i s e  i n  d i f f e r e n t  i s o t o p e s . T h i s  

/ may be allowed f o r  by w r i t i n g  I f o r  I i n  t h e  above e x p r e s s i o n ,  and 

p u t t i n g  

m m 

/ 2 2  2 
I = I exp[ -A/  n (p, - po) ] m m 

-12 zLnLT 1 1 
= I exp[ -7.307433 x 10 (F-F) 3 

x2 p 0 
m 

where m i s  t h e  mass of t h e  predominant i s o t o p e  

m i s  t h e  mass of t h e  o t h e r  i s o t o p e  

P 

0 

We now use m i n  d e r i v i n g  temperature (T) from t h e  ampli tudes of  t h e  

harmonics. It may a l s o  be shown t h a t  t h e  e f f e c t  of  p l a t e  d i s h i n g ,  o r  

of  p l a t e  i r r e g u l a r i t y  d i s t r i b u t e d  according t o  a known d i s t r i b u t i o n  func- 

t i o n  may be allowed f o r .  

P 
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Rever t ing  t o  t h e  simple case  where we have o n l y  one emiss ion  l i n e ,  

we have 

n 2 2  A = p exp( -A/  p. n ) n 

where A 

may e a s i l y  be shown t h a t  by cons ider ing  t h e  f i r s t  t h r e e  harmonics 

i s  t h e  amplitude of t h e  nth harmonic i n  t h e  s i g n a l  ou tput .  It n 

and s i n c e  

where Q i s  a cons tan t ,  we have 

2 T = Q/- m h  

T 

where Q /  i s  another  c o n s t a n t .  

Thus, by e x t r a c t i n g  t h e  amplitudes of t h e  f i r s t  t h r e e  harmonics from 

t h e  s i g n a l  and performing some a r i t h m e t i c  by s imple ana log  c i r c u i t s ,  t h e  

temperature  may be i n d i c a t e d  d i r e c t l y .  

Where s e l f - a b s o r p t i o n  i s  p r e s e n t ,  t h e  d i s t r i b u t i o n  of energy w i t h  

wavelength w i l l  no longer  fol low a Gaussian p r o f i l e .  Thus, i f  we t a k e  

t h e  f i r s t  f o u r  harmonics, and s o l v e  i n  f o u r  d i f f e r e n t  ways f o r  T we w i l l  

g e t  f o u r  d i f f e r e n t  temperatures .  The convergence of  t h e s e  w i l l  i n d i c a t e  

a d i m i n i s h i n g  s e l f - a b s o r p t i o n  e f f e c t  and a c l o s e r  approach t o  t h e  t r u e  
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temperature .  It might even be p o s s i b l e  t o  d e r i v e  a r e l a t i o n s h i p  between 

t h e  i n d i c a t e d  temperatures  and t h e  t r u e  tempera tures ,  when s e l f - a b s o r p t i o n  

i s  apparent .  An a n a l y t i c a l  approach t o  t h i s  h a s  been at tempted,  wi th  some 

success ,  bu t  t h e r e  i s  no c e r t a i n t y  t h a t  t h e  d i s t r i b u t i o n  f u n c t i o n  assumed (28) 

w i l l  a c c u r a t e l y  r e p r e s e n t  t h e  t r u e  case.  

Accuracy of t h e  method. Obviously t h e  l a r g e r  we make t h e  scanning  

h o l e ,  t h e  l a r g e r  t h e  s i g n a l  becomes. However, t h e  depth  of  modulat ion 

decreases  accord ing  t o  

s u i t  t h e  combination o f  t h e  t h r e e  harmonics. I n  a d d i t i o n ,  e n l a r g i n g  t h e  

S i n  8 
m ' n  and t h e r e  w i l l  be a n  optimum c h o i c e  t o  e 

m,n 

scanning h o l e  a l lows  more of t h e  background continuum t o  be d e t e c t e d ,  and 

i n c r e a s e s  t h e  area of t h e  d e t e c t o r  with a consequent i n c r e a s e  i n  d a r k  

c u r r e n t .  

It may be shown t h a t  t h e  s i g n a l - t o - n o i s e  r a t i o  of  t h e  nth harmonic 

i s  g i  ven by Sn, where 

n 1 + 24 
c($-) B A T ~ T ~ S  

2 
2 SCATLTF r W(1-p) 

3 2 x (BATLTFS n 7  r h} + nr2DS + 
(1-p)  f 2  .J;; 

03 
2 2 S i n  8 

where Q = 1 k n  exp (q) 8n 

n= 1 "AX k g  

2 
firm n = -  8 

Xf2 

2 
B = t r a i l  b r i g h t n e s s ,  photons/cm sec  sterad 

7 1  



A = a r e a  of Fabry-Perot p l a t e s  

T = t r ansmiss ion  of l e n s e s ,  e t c .  L 

TF = 

S = s e n s i t i v i t y  of photo cathode,  amps/photon sec  

D = equ iva len t  photon da rk  c u r r e n t  cm 

C = continuum sky br ightness  photons/an sec  s t e r a d  

t r ansmiss ion  of narrow band f i l t e r  a t  67078 

-1 

-2 

2 

W = width a t  h a l f  t ransmiss ion  of  f i l t e r  

Af = bandwidth of e l e c t r o n i c  f i l t e r s  i s o l a t i n g  harmonics 

CT = g a i n / s t a g e  of t he  pho tomul t ip l i e r  

E = f r a c t i o n  of photo cathode e l e c t r o n s  c o l l e c t e d  by t h e  f i r s t  
dynode 

Since  each harmonic has  a mean value and an  r m s  f l u c t u a t i o n  about t h e  

mean, we expec t  a mean temperature  TI and an  r m s  f l u c t u a t i o n  (AT/> about  

t h i s  mean. 

We f ind  

f 

I L -9 L 

where L = Loglo An n 

f and 
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The foregoing  r e l a t i o n s h i p s  have been programmed f o r  t h e  I B M  1620 

computer, and i t  has  been shown t h a t  t h e  e r r o r  due t o  AT/ i s  always much 

l a r g e r  t han  t h a t  due t o  T I ,  by a f a c t o r  of  perhaps 10 . From t h e s e  com- 

p u t a t i o n s  t h e  optimum va lues  of T and r may be chosen. 

3 

I n  f avorab le  c i rcumstances ,  t ak ing  2 minutes  f o r  a measurement, t h e  

e r r o r  may be as low as 10 K.  Because of  t h e  logar i thms i n  t h e  equa t ion ,  

i t  has  been found t h a t  AT/ i s  independent of tempera ture  t o  a f i r s t  ap- 

proximation.  Hence t h e  percentage  accuracy i n c r e a s e s  wi th  tempera ture .  

0 

One important  f e a t u r e  of t h i s  method i s  t h a t  i t  i s  independent of  

a c t u a l  knowledge of t h e  r e f l e c t i v i t y  p .  I n  prev ious  de t e rmina t ions  of  

tempera ture  from Fabry-Perot in te r fe rograms it  has  been necessary  t o  corn- 

p u t e  a s e r i e s  of p r o f i l e s  f o r  var ious  tempera tures  and t o  o b t a i n  t h e  i n -  

d i c a t e d  tempera ture  by i n t e r p o l a t i o n .  To compute t h e  p r o f i l e s  , t h e  r e f l e c -  

t i v i t y  must be known. It i s  a f a m i l i a r  source  of  e r r o r  t h a t  t h e  r e f l e c t i v -  

i t y  i s  measured a t  a d i f f e r e n t  t ime,  and u s u a l l y  a t  a lower o r d e r ,  t o  t h a t  

used i n  t h e  a c t u a l  experiment.  I n  t h i s  c a se  s l i g h t  changes i n  r e f l e c t i v i t y ,  

due t o  d e t e r i o r a t i o n  of t h e  coa t ings ,  w i l l  no t  i n f l u e n c e  t h e  p rocess .  How- 

e v e r ,  l a r g e  changes w i l l  reduce t h e  depth of modulat ion and t h e  inaccuracy ,  

expressed as AT/ w i l l  i n c r e a s e ,  a l though T I  w i l l  no t  change. 
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SECTION 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 W I N D  STRUCTURE 

The exper imenta l ly  determined wind model s u g g e s t s  a new p i c t u r e  o f  

t h e  wind s t r u c t u r e  i n  t h e  80 t o  135 km h e i g h t  region.  On t h e  b a s i s  o f  

t h e  model, t h e  e n t i r e  wind v e c t o r  i n  t h e  r e g i o n  may be represented  by a 

r e l a t i v e l y  smal l  p r e v a i l i n g  component and t h r e e  quas i -per iodic  harmonics. 

Thus t h e  major p a r t  of  t h e  r e s u l t a n t  wind may be a t t r i b u t e d  t o  thermal  o r  

t i d a l  d r i v i n g  fo rces .  The model i s  based  on l i m i t e d  d a t a  but  does f i t  t h e  

d a t a  and shows some a b i l i t y  t o  p r e d i c t ,  s i n c e  s e v e r a l  p o i n t s  were added 

a f t e r  t h e  model f i g u r e s  were drawn, No s e r i o u s  p h y s i c a l  o b j e c t i o n s  have 

so  f a r  been r a i s e d .  

The most obvious experimental  approach f o r  v e r i f i c a t i o n  of t h e  model 

i s  a cont inuous o b s e r v a t i o n  of  t h e  winds over  one o r  more complete c y c l e s .  

Since no method of measuring winds over t h e  e n t i r e  a l t i t u d e  range d u r i n g  

t h e  daytime i s  a v a i l a b l e ,  t h i s  cannot be done a t  p r e s e n t .  However, t h i s  

r e s t r i c t i o n  may not  be too  s e r i o u s .  F i r s t ,  cont inuous o b s e r v a t i o n s  are 

not  r e q u i r e d .  Measurements every t w o  o r  t h r e e  hours  should be s u f f i c i e n t  . 
Second, methods a r e  a v a i l a b l e  f o r  night t ime measurements and t h e s e ,  t o g e t h e r  



with  t w i l i g h t  observa t ions  could cover more t h a n  a h a l f  c y c l e  a t  some 

seasons .  S e v e r a l  such s e r i e s  are recommended t o  v e r i f y  t h e  Wallops model. 

Complete understanding of t h e  wind s t r u c t u r e  w i l l  r e q u i r e  o b s e r v a t i o n s  

d u r i n g  t h e  day. Thus, i t  i s  a l s o  recommended t h a t  methods be developed 

f o r  measurement of  winds d u r i n g  t h e  daytime. Complete unders tanding  of  

t h e  wind s t r u c t u r e  a l s o  r e q u i r e s  observa t ions  from o t h e r  l a t i t u d e s .  Of 

p a r t i c u l a r  i n t e r e s t  a r e  t h e  e q u a t o r i a l  and p o l a r  reg ions .  

8.2 DIFFUSION AND TEMPERATURE 

The measured d i f f u s i o n  c o e f f i c i e n t s  show v a r i a t i o n s  from those  com- 

puted w i t h  t h e  most r e c e n t  Standard Atmospheres. However, t h e  comparison 

r e q u i r e s  both  temperature  and number d e n s i t y .  An independent measurement 

of temperature  a long  wi th  t h e  d i f f u s i o n  measurement would a l l o w  determina-  

t i o n  of  t h e  number d e n s i t y .  For t h i s  reason ,  development of  a method o f  

temperature  d e t e r m i n a t i o n  i s  recommended. Refinement o f  t h e  methods, t o -  

g e t h e r  wi th  d i f f u s i o n  measurements f o r  o t h e r  atoms wi th  vary ing  molecular  

weights  may a l s o  a l l o w  de termina t ion  of  t h e  mean molecular  weight of t h e  

ambient.  

8.3 TURBULENCE 

D e t a i l e d  a n a l y s i s  of t h e  formation and growth of  t h e  i r r e g u l a r  reg ion  

of  vapor  t r a i l s  around 100kmshows t h a t  t h e  t r a i l s  do no t  have t h e  charac-  

t e r i s t i c s  t h a t  a r e  expected i f  t h e  cause were hydrodynamic turbulence  i n  

t h e  ambient atmosphere. Thus, some o t h e r  source  of  t h e  i r r e g u l a r i t i e s  

must be  fcund.  The long f o c a l  length camera, acquired f o r  t h i s  purpose,  
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produced very  u s e f u l  observa t ions  of t h e  o n l y  a v a i l a b l e  t r a i l  on which 

i t  was used. It i s  recommended t h a t  more such cameras be obtained i n  

o r d e r  t o  completely i n v e s t i g a t e  t h i s  phenomenon. 

8.4 CORRELATION OF WINDS WITH SPORADIC E 

The d a t a  obtained from t h r e e  near ly  s imultaneous measurements of  

winds and e l e c t r o n - d e n s i t y  p r o f i l e s ,  have suggested new t h e o r i e s  concern- 

i n g  t h e  r e l a t i o n  of  winds and sporadic E.  More such measurements a r e  

u r g e n t l y  needed t o  s tudy  t h i s  r e l a t i o n s h i p .  Simultaneous measurements 

o f  t h e  E a r t h ' s  magnetic f i e l d  would add g r e a t l y  t o  t h e  information.  

8.5 THEORETICAL STUDY 

The r e s u l t s  t o  d a t e  suggest  a number of s i g n i f i c a n t  t h e o r e t i c a l  

problems. These f a l l  i n t o  two groups: s t u d i e s  of  t h e  n o n l i n e a r ,  p e r i o d i c  

o s c i l l a t i o n s  of t h e  upper atmosphere; and s t u d i e s  of t h e  f i n e  s t r u c t u r e  of  

t h e  wind system and i t s  connec t ion  with sporadic  E.  It i s  h i g h l y  d e s i r a b l e  

t h a t  t h e s e  t h e o r e t i c a l  s t u d i e s  be c a r r i e d  on i n  c l o s e  c o n t a c t  wi th  t h e  ex- 

per imenta l  work, s i n c e  t h e  two a c t i v i t i e s  a r e  mutual ly  s t i m u l a t i n g .  

The number of problems r e l a t i n g  t o  n o n l i n e a r  o s c i l l a t i o n s  t h a t  have 

been thoroughly i n v e s t i g a t e d  up t o  now i s  small. Some examples of  forced ,  

n o n l i n e a r  o s c i l l a t i o n s  have been s t u d i e d ,  and t h e s e  throw a l i t t l e  l i g h t  

on t h e  problem a t  hand. For example, t h e y  enable  one t o  understand,  i n  a 

g e n e r a l  way, how t h e  8-hour o s c i l l a t i o n  could be dominant i n  t h e  response 

of t h e  atmosphere even though i t  i s  weak o r  even absent  i n  t h e  d r i v i n g  

f o r c e .  The atmosphere d i f f e r s  from t h e  systems t h a t  have been s t u d i e d  

76 



t o  d a t e  i n  non l inea r  mechanics, i n  t h a t  i t  i s  a system i n  which energy 

propagates .  Energy i s  fed i n t o  t h e  system nea r  t h e  s u r f a c e  of t h e  E a r t h ,  

p ropagates  upward, and f i n a l l y  escapes o r  i s  d i s s i p a t e d  above 135 km. 

Layzer has  suggested t h a t  t h e  u p p e r  boundary c o n d i t i o n  p l ays  an  e s s e n t i a l  

r o l e  i n  t h i s  phenomenon. Since t h e  top of t h e  atmosphere i s  much more 

s u s c e p t i b l e  t o  t h e  v a r i a b l e  p a r t  o f  the  s o l a r  r a d i a t i o n  t h a n  t h e  bottom, 

i t  may indeed ,  be t h e  s e a t  of t he  observed phase v a r i a b i l i t y .  Perhaps 

t h e  b e s t  way t o  a t t a c k  t h e  problem q u a n t i t a t i v e l y  would be t o  d e v i s e  s i m -  

p l i f i e d  models i n c o r p o r a t i n g  t h e  e s s e n t i a l  p r o p e r t i e s  of energy propaga- 

t i o n  and a v a r i a b l e  upper boundary condi t ion .  

The hydromagnetic i n t e r p r e t a t i o n  of t h e  f i n e  s t r u c t u r e  of t h e  wind 

p r o f i l e s  suggested by Layzer can be formulated mathematically.  Th i s  l e a d s  

t o  a p a i r  o f  coupled p a r t i a l  d i f f e r e n t i a l  equa t ions  whose s o l u t i o n s  d e -  

s c r i b e  t h e  way i n  which t h e  v e l o c i t y  f i e l d  (wind p r o f i l e s )  and t h e  magnetic 

f i e l d  develop i n  time. Approximate s o l u t i o n s  t o  t h e s e  equa t ions  would make 

p o s s i b l e  a q u a n t i t a t i v e  check of t h e  theory .  
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ABSTRACT 

Previous  d i s c u s s i o n s  of t he  hypothesis  t h a t  spo rad i  E l a y e r s  re -  

s u l t  from a r e d i s t r i b u t i o n  of e x i s t i n g  i o n i z a t i o n  caused by v e r t i c a l  

i m i z a t i o n  d r i f t  have r e s t e d  on s p e c i a l  and sc revha t  u n r e a l i s t i c  assuxp-  

t i o n s .  

compares i t s  i m p l i c a t i o n s  wi th  recent  exper imenta l  r e s u l t s  concerning 

the  s t r u c t u r e  of E l a y e r s  and t h e  connec t ion  between i o n i z a t i o n  pro-  

f i l e s  and wind p r o f i l e s  i n  t h e  E reg ion .  The main r e s u l t s  of t he  paper  

a r e  as fo l lows :  (1) The p red ic t ed  i o n i z a t i o n  p r o f i l e s  have c u s p - l i k e  

peaks (rounded o f f  by d i f f u s i o n )  of v a r i a b l e  width,  t h e  width of a peak 

being i n v e r s e l y  p r o p o r t i o n a l  t o  the  square  of i t s  h e i g h t .  Theory a l s o  

p r e d i c t s  a s u b s t a n t i a l  r educ t ion  of t h e  e l e c t r o n  d e n s i t y  on e i t h e r  s i d e  

This  paper formula tes  the  hypothes is  i n  a more gene ra l  way and 

S 

of a peak. By 

t a n g u l a r  peaks 

(1 <, N /No < N max 

c o n t r a s t ,  observed i o n i z a t i o n  p r o f i l e s  have n e a r l y  rec- 

of uniform width (< 1 km) and v a r i a b l e  he igh t  

2 
10 ) superimposed on an appa ren t ly  unperturbed background. 

N 

(2) T h e o r e t i c a l l y ,  l a y e r s  of enhanced i o n i z a t i o n  w i l l  form i n  r eg ions  

where the  wind shear  i s  excep t iona l ly  h igh .  Observat ion shows t h a t  t h e  

r e v e r s e  i s  t r u e .  (3) The f r a c t i o n a l  changes t h a t  can  be produced by 

v e r t i c a l  i o n i z a t i o n  d r i f t  appear  t o  be cons ide rab ly  smaller than  those  

observed t o  be a s s o c i a t e d  wi th  E l a y e r s .  
S 

A r e l a t e d  hypothes is ,  t h a t  l aye r s  of enhanced i o n i z a t i o n  form 

through t h e  t r app ing  of v e r t i c a l l y  d r i f t i n g  i o n i z a t i o n  by narrow t u r -  

b u l e n t  l a y e r s ,  a l s o  c o n f l i c t s  w i th  experiment .  
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A. 1 INTRODUCTION 

There now e x i s t s  a s u f f i c i e n t l y  d e t a i l e d  body of exper imenta l  i n -  

format ion  about  e l e c t r o n  densi t ies(A-1’A-2)  and h o r i z o n t a l  winds (A-3)  

i n  t h e  lower E r eg ion  t o  a f f o r d  a d e c i s i v e  tes t  of t h e  hypothes is  t h a t  

E l a y e r s  r e s u l t  from a r e d i s t r i b u t i o n  of e x i s t i n g  i o n i z a t i o n  caused by 

v e r t i c a l  i o n i z a t i o n  d r i f t .  

worked out  t h e  consequences of t h i s  hypo thes i s  i n  some d e t a i l ,  bu t  

under r a t h e r  s p e c i a l  assumptions.  Both a u t h o r s  r ep resen ted  t h e  wind 

p r o f i l e  ( the  h o r i z o n t a l  wind a s  a func t ion  of h e i g h t )  by a p lane  s i n e  

curve  and both  p o s t u l a t e d  t h a t  h o r i z o n t a l  p o l a r i z a t i o n  f i e l d s  a r e  ab-  

s e n t .  Nei ther  of t h e s e  assumptions i s  r ea l i s t i c .  I n  a d d i t i o n ,  some 

of  t h e  conc lus ions  of Axford and Whitehead concerning i o n i z a t i o n  p ro -  

f i l e s  produced by the  d r i f t  mechanism depend on t h e  r e s u l t s  of numeri- 

c a l  i n t e g r a t i o n s .  These circumstances make i t  d i f f i c u l t  t o  s e p a r a t e  

the  e s s e n t i a l  f e a t u r e s  of t he  wind-shear theory  from those  t h a t  depend 

on s p e c i a l  assumptions and p a r t i c u l a r  cho ices  of parameters .  The pur -  

pose of  t h e  p r e s e n t  paper i s  accord ingly  twofold:  t o  c a s t  t h e  wind- 

shea r  theory  i n  a form t h a t  i s  s u f f i c i e n t l y  gene ra l  t o  permit  compari-  

son wi th  experiment and y e t  s u f f i c i e n t l y  s imple t o  permit  approximate 

s o l u t i o n s  of t h e  fundamental equat ions t o  be obta ined  i n  c losed  form; 

and t o  dec ide  whether the  theory i s  c o n s i s t e n t  w i th  e x i s t i n g  e x p e r i -  

S 

Whitehead (A-4 ’A-5 )  and Axford (A-6) have 

mental  i n fo rma t ion  about  sporadic  E.  
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For the  sake of s i m p l i c i t y ,  we l i m i t  ou r  c o n s i d e r a t i o n s  a t  t he  

o u t s e t  t o  middle l a t i t u d e s  and t o  a small he igh t  range  cen te red  on 

100 km. We a l s o  make the  usua l  "slab" approximation;  t h a t  i s ,  w e  assume 

t h a t  a v e r t i c a l  p o l a r i z a t i o n  f i e l d  i n h i b i t s  v e r t i c a l  e l e c t r i c  c u r r e n t s .  

The h o r i z o n t a l  components of the  c u r r e n t  d e n s i t y  a r e  then  r e l a t e d  t o  

the  h o r i z o n t a l  components of the e l e c t r i c  f i e l d  by t h e  equa t ion  

where (under our  assumptions)  t he  components of t he  c o n d u c t i v i t y  t enso r  

a r e  g iven  by 

cosecX (A-2)  
2 cr = al cosec X, cr = ul, cr - 

xx YY XY - - OXX = O-2 

(I) 

(-J- = - -  N e  i a = N e  
1 B v i '  2 B 

The x - a x i s  p o i n t s  no r th ,  t he  y-axis west; X denotes  t h e  magnetic d i p  

angle ,  N t h e  e l e c t r o n  dens i ty ,  B the magnitude of t h e  magnetic f i e l d ,  

w t h e  gyrofrequency of t he  ions ,  and v t h e  c o l l i s i o n  frequency of 

t he  i o n s .  I n  the  h e i g h t  range under c o n s i d e r a t i o n  

i i 

i 1  
v 10 i 

w 
- 5 8 -  (A -4. ) 

and t h i s  f a c t ,  a long  wi th  the  assumption t h a t  sinX X 1, has  been used 

t o  s i m p l i f y  t h e  above formulas .  
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A. 2 THE RELATION BETWEEN DRIFT SPEED AND W I N D  VELOCITY 

I n  the  presence  of a magnetic f i e l d ,  an app l i ed  e l e c t r i c  f i e l d  

w i l l  cause the  e l e c t r o n s  and i o n s  to  d r i f t  i n  d i r e c t i o n s  t h a t  are no t  

i n  gene ra l  s t r i c t l y  a n t i - p a r a l l e l ,  so t h a t  i n  some d i r e c t i o n  t h e  e l e c -  

t r o n s  and i o n s  w i l l  have a common v e l o c i t y  component, r e p r e s e n t i n g  a 

d r i f t  o f  n e u t r a l  i o n i z a t i o n .  On the assumption t h a t  t he  number d e n s i -  

t i e s  of e l e c t r o n s  and i o n s  a r e  equal,  t h e  c u r r e n t  d e n s i t y  i s  given,  i n  

a n  obvious n o t a t i o n ,  by 

j = - N e ( %  - V . ) =  - Nex 
cu -1 (A-5) 

The d r  E t  v e l o c i t y  of n e u t r a l  i o n i z a t i o n  i s  perpendicular  t o  t h e  c u r -  

r e n t  d e n s i t y  and i s  g iven  by 

I n  t h e  c i rcumstances  under cons ide ra t ion ,  Martyn (A-7) has  shown t h a t  

t h e  v e r t i c a l  component of V i s  given by 4 

0. j 

V .  1 N e  w = - 1 -Y c o s x  (A-7) 

Thus the  v e r t i c a l  d r i f t  speed i s  p ropor t iona l  t o  the  eastward component 

of t h e  e l e c t r i c  c u r r e n t  and t o  the  h o r i z o n t a l  component of t he  magnetic 

f i e l d .  
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Equat ion (A-1) r e l a t e s  t he  c u r r e n t  d e n s i t y  t o  t h e  e l e c t r i c  f i e l d ,  

which i s  made up of two p h y s i c a l l y  d i s t i n c t  p a r t s :  

The dynamo f i e l d  i s  g iven  ( i n  e.m.u.)  by 

(A-9) 

where 1 denotes  t h e  h o r i z o n t a l  wind. The p o l a r i z a t i o n  f i e l d  r e s u l t s  

from t h e  flow of  h o r i z o n t a l  c u r r e n t s .  Once t h e  v e l o c i t y  f i e l d  (wind 

system) h a s  been s p e c i f i e d ,  t he  condi t ion  t h a t  t h e  c u r r e n t  system must 

be c l o s e d  serves t o  determine the p o l a r i z a t i o n  f i e l d .  (A-8) In  c e r t a i n  

c i rcumstances,  t h e  s t e a d y - s t a t e  p o l a r i z a t i o n  f i e l d  completely i n h i b i t s  

t h e  f low of Hal l  c u r r e n t .  The apparent  d i r e c t  c o n d u c t i v i t y  i n  t h e  

y - d i r e c  t i o n  (i. e. ,  t h e  r a t i o  j /Edyn) 
Y Y  

2 
0- 

i s  then  i n c r e a s e d  from u t o  
YY 

The westward component of t h e  c u r r e n t  

(A-10) 
I 

d e n s i t y  and t h e  v e r t i c a l  d r i f t  

speed of n e u t r a l  i o n i z a t i o n  corresponding t o  (A-10) are  

(A-11) 

The d r i f t  speed i s  p r o p o r t i o n a l  t o  t h e  southward component of t h e  

n e u t r a l  wind and goes t o  zero  a t  the magnetic e q u a t o r  a s  wel l  a s  a t  t h e  

magnetic p o l e s .  

Whitehead and Axford assumed, i n  e f f e c t ,  t h a t  p o l a r i z a t i o n  f i e l d s  

do n o t  b u i l d  up. I n s t e a d  of (A-11) one then  o b t a i n s  
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Lu (A-12) 
= NeV w=-- i v cosx  

V Y  Y, i jY 

The v e r t i c a l  d r i f t  speed i s  p ropor t iona l  t o  the  eastward component of 

t he  n e u t r a l  wind and i n c r e a s e s  wi th  dec reas ing  geomagnetic l a t i t u d e .  

I n  gene ra l  we may w r i t e  

w = a V  + a V  =?*I (A-13)  
x x  Y Y  

l eav ing  t h e  c o n s t a n t  v e c t o r  unspec i f ied .  To e v a l u a t e  2, one would 

need t o  c a r r y  ou t  a c a l c u l a t i o n  s i m i l a r  t o  c a l c u l a t i o n  of 

t h e  e l e c t r i c  f i e l d s  and c u r r e n t s  r e s u l t i n g  from t i d a l  motions i n  the  

upper atmosphere.  

A .  3 THE ELECTRON-DENSITY PROFILE 

I f  we assume t h a t  t he  n e u t r a l  wind i s  h o r i z o n t a l  and depends only  

on t h e  v e r t i c a l  coord ina te  z ,  t he  equat ion  of c o n t i n u i t y  f o r  t h e  e l e c -  

t r o n  (or  i o n )  d e n s i t y  N t akes  the  form 

(A- 14) 

where q i s t h e r a t e  of i o n i z a t i o n ,  a the recombinat ion c o e f f i c i e n t ,  D t h e  

ambipolar d i f f u s i o n  c o e f f i c i e n t ,  and g t h e  a c c e l e r a t i o n  of g r a v i t y .  We 

may ignore  v a r i a t i o n s  of  q,  a, and D over  t he  he igh t  and t i m e  i n t e r v a l s  

of i n t e r e s t  h e r e .  We may a l s o  neglect  t h e  g r a v i t a t i o n a l  d r i f t  speed 

g/vi (M 2 cm/sec) i n  comparison w i t h  w. F i n a l l y ,  w e  assume t h a t  t h e  

c h a r a c t e r i s t i c  time a s s o c i a t e d  wi th  changes of t h e  v e l o c i t y  f i e l d  i s  
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long compared w i t h  the  c h a r a c t e r i s t i c  t i m e  f o r  r e d i s t r i b u t i o n  of i o n i -  

z a t i o n  by v e r t i c a l  d r i f t .  I f  z i s  a c h a r a c t e r i s t i c  per iod  of the  

v e l o c i t y  f i e l d ,  t h i s  assumption r e q u i r e s  2 / 2 n  >> I dz/dwl which w i l l  be 

s a t i s f i e d  i f  T i s  of t he  o rde r  of s eve ra l  hours .  We may then  drop the  

f i r s t  term on the  l e f t  s i d e  of (A-14) and n e g l e c t  t h e  t i m e  dependence 

of N and w. Equat ion (A-14) reduces, f i n a l l y ,  t o  the  o rd ina ry ,  non- 

l i n e a r  d i f f e r e n t i a l  equat ion  

,-i 

d L N  

d z  
-(Nw) d = q - CXN 2 i- D 7 dz  (A-1 5) 

The remainder of t h i s  s e c t i o n  t r e a t s  t h e  s t i l l  s impler  equa t ion  

(A-16) 
2 - CXN 

d 
-(Nw) = q d z  

which d e s c r i b e s  t h e  r e d i s t r i b u t i o n  of i o n i z a t i o n  by v e r t i c a l  i o n i z a t , i o n  

d r i f t  i n  t h e  absence of d i f f u s i o n .  The nex t  s e c t i o n  c o n s i d e r s  the  

e f f e c t s  of d i f f u s i o n .  

I f  t h e  e l e c t r o n - d e n s i t y  p r o f i l e  N(z) has  a peak a t  some l e v e l  

z = z t h e  product  w(dN/dz) must vanish  t h e r e  and (A-16) reduces t o  a n  
0' 

a l g e b r a i c  equa t ion  whose s o l u t i o n  i s  

1 2  f 
N(z ) = Nl  = N o [ ( l . +  47 ) + +7]  0 

where N t h e  equ i l ib r ium va lue  of N i s  g iven  by 

N 0 = (a">' 
0' 

1 

(A-17) 

(A-18) 

and t h e  p m e  nuzber r, i s  g iven  by  
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dw 
7 = - -  ’ o dz  

WI 
= - 0 - 

z= z 
0 

a N O  

(A-19) 

From (A-17)  and (A-19) i t  i s  c l e a r  t h a t  i f  N1 >> No, t hen  w‘ t h e  
0’ 

g r a d i e n t  of t h e  v e r t i c a l  d r i f t  ve loc i ty ,  must be l a r g e  and n e g a t i v e .  

may accord ingly  approximate w(z) i n  the neighborhood of a n  e l e c t r o n -  

d e n s i t y  peak by t h e  f i r s t  two terms i n  its Taylor expansion:  

We 

w(z) = wo + w p  - z o )  (A - 20)  

W e  c a n  now so lve  Equat ion (A-16)  exac t ly .  

d e n t  v a r i a b l e  from z t o  w, t o  ob ta in  

We f i r s t  change t h e  indepen-  

/ @ + a w  -2 q/ 2 - q = o ,  + E wN wo dw 

The f u r t h e r  t r ans fo rma t ions  

W /  o 1 dv 
u ’  Q v du 

w = -  1 q = - -  

y i e l d  t h e  l i n e a r ,  second-order ,  d i f f e r e n t i a l  equa t ion  

2 

du 
u 2  dv 2 k(k - 1) v = 0 

where 

- 2  k(k - 1) = 7 

The gene ra l  s o l u t i o n  of (A-23) is 

kl k2 v = AU + BU 

(A-2 1) 

(A-2 2) 

(A-23) 

(A-25) 
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where k k a r e  the  r o o t s  of t he  quadra t ic  Equat ion  (A-24) g iven  by 1’ 2 

k k = $[l & d ( l  - 4 ~ - ~ ) ]  (A-2 6) 1’ 2 

F i n a l l y ,  N(z) i s  g iven  by 
k, -k, 

1 L  
WI 0 1  k + k2Cw 

a! 
N(z) = - - 

kl -k2 i + CW 

(A-2 7) 

For nega t ive  v a l u e s  of w the  cons tan t  C must be chosen so a s  t o  make 

c w  r e a l .  k l -k2  

Since k > 1 and k < 0, i t  fol lows from (A-27) t h a t ,  f o r  any g iven  1 2 

va lue  of C, N(z) e i t h e r  i n c r e a s e s  or dec reases  monotonical ly  wi th  w .  

Thus dN/dz never  vanishes ,  except  i n  t h e  t r i v i a l  c a s e  C = 0, f o r  which 

N = c o n s t .  

t h a t  w i t s e l f  must van i sh  t h e r e .  

Equat ion (A-14)  shows t h a t  t h e  e l e c t r o n - d e n s i t y  p r o f i l e  w i l l  develop a 

S ince  w(dN/dz) = 0 a t  an e l e c t r o n - d e n s i t y  peak, i t  fo l lows  

Conversely, i f  wo = 0 and w: < 0, 

peak a t  the  l e v e l  z = z . We have thus proved t h a t  t he  e l e c t r o n - d e n s i t y  

p r o f i l e  has  a peak a t  a given l e v e l  i f  and on ly  i f  t he  d r i f t  speed 

0 

van i shes  and i t s  g r a d i e n t  i s  negat ive t h e r e .  This  conc lus ion  needs t o  

be modified only  s l i g h t l y  t o  a l low f o r  d i f f u s i o n ,  which causes  l i t t l e  

change i n  t h e  p o s i t i o n  of a peak. 

A t  a l e v e l  where the  d r i f t  speed vanishes ,  t h e  e l e c t r o n - d e n s i t y  

g r a d i e n t  may be d i scon t inuous .  Hence, t h e  v a l u e  of t h e  c o n s t a n t  C i n  

(A-27) need n o t  and i n  gene ra l  w i l l  not be t h e  same above and below such 

a l e v e l .  Symbolical ly ,  we have, with t he  h e l p  of ( A - 1 7 )  and@-19) ,  
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1 + k2C+(z - zo)n 
0 

N(z) = N1 for z >_ z 
1 + C+(z - Z o P  

( A - 2 8 )  

1 + k 2 C - ( z o  - 
N(z) = N1 for z <, zo  

1 + C-(Zo - z)“ 

where 

1 - k2 n =  k ( A - 2 9 )  

If N1 >> No, q >> 1. Then kl = 1, k = 0, and n = 1. Equation 2 

(A-28 ) reduces to 

N. 
1 

N(z) = 1 + c+lz - z o [  - 
( A - 3 0 )  

where C 

negative values, as in ( A - 2 8 ) .  

is associated with positive values qf ( z  - z o )  and C with + - 

The integration constants C C are determined by the boundary +’ - 
conditions. Let z denote the height of the first node of the function 

w(z)  above the one at zo. 

+ 
Since there is no flux of ionization across 

the planes z = z z = z 
0’ +’ 

Z Z 
0 0 

( A - 3 1 )  

If q >> 1, the integral of N2 depends almost entirely on the form of N ( z )  

in the neighborhood of z = z , where it is given by Equation ( A - 3 0 ) .  

From ( A - 3 0 )  and (A-31)  we obtain 

0’ 
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2 -1 c + = ?1 (z+ - zo> 

whence 

VNO N(z) = 

(A-32) 

(A -33 

Hence z-  denotes  t h e  l e v e l  of t he  f i r s t  node of t he  f u n c t i o n  w(z) below 

t h e  one a t  z . 
0 

Equat ion ( A - 3 3 )  shows t h a t ,  except i n  t h e  neighborhood of t h e  peak, 

t he  e l e c t r o n  d e n s i t y  i s  smaller than the  unperturbed d e n s i t y  by a f a c t o r  

of o r d e r  7. It a l s o  fo l lows  from (A-33)  t h a t  t h e  i n t e g r a t e d  e l e c t r o n  

d e n s i t y  i n  t h e  h e i g h t  range (zo,z+) i s  reduced from t h e  unperturbed va lue  

by t h e  f a c t o r  

Y N d  z 

2 Rn n Z 
0 _ -  

- ‘ I  z+ 
(A-34) 

r 
J *adz 
ZO 

Bearing i n  mind t h a t  d i f f u s i o n  w i l l  cons ide rab ly  reduce t h e  maximum 

v a l u e  of N(z) from the  va lue  ?No given by ( A - 3 3 ) ,  w e  see t h a t  an  e l e c -  

t r o n - d e n s i t y  peak forms c h i e f l y  through the  e r o s i o n  of t he  p r o f i l e  on 

e i t h e r  s i d e  of t h e  peak. 

N(z) assumes the  unperturbed value N when z - z w v ( z + - z o ) .  A t  
0 0 

t h i s  l e v e l  t he  e l e c t r o n - d e n s i t y  g rad ien t  i s  g iven  by 
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(A-3 5) 

A . 4  EFFECTS OF DIFFUSION 

Neglect of d i f f u s i o n  i s  v a l i d  as  long a s  the  magnitude of t he  second 

2 2 d e r i v a t i v e  d N/dz 

n e g l e c t s  d i f f u s i o n  e n t i r e l y  t h e  e l e c t r o n - d e n s i t y  g r a d i e n t  dN/dz i s  

a c t u a l l y  d i scon t inuous  a t  a peak. Di f fus ion  t h e r e f o r e  s t r o n g l y  i n f l u -  

ences  the  form of t h e  e l e c t r o n - d e n s i t y  p r o f i l e  i n  the  immediate v i c i n i t y  

of a peak. 

i s  n o t  too g r e a t .  However, i n  t h e  approximation t h a t  

W e  a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  p r o f i l e s  f o r  which N >> No. 
m a X  

Under t h i s  c o n d i t i o n  t h e  i o n i z a t i o n  and recombinat ion terms i n  Equat ion 

(A-15) a r e  both  n e g l i g i b l e  i n  comparison w i t h  t h e  o t h e r  terms i n  t h e  

equat ion ,  which accord ingly  reduces t o  

The a p p r o p r i a t e  s o l u t i o n  of t h i s  equat ion i s  

i s  determined by t h e  c o n d i t i o n  
NmaX 

z+ 
2 2 N (z )dz  = No(z+ - z ) G N X s 2  0 

(A -36 9 

( A - 3 7 )  

(A- 389 
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2 Since  t h e  major c o n t r i b u t i o n  t o  t h e  i n t e g r a l  of N over t h e  range (2-, 

comes from a narrow i n t e r v a l  cen tered  on z w e  may use formula ( A - 3 7 )  
0, 

t o  e v a l u a t e  t h e  i n t e g r a l  i n  ( A - 3 8 )  t o  o b t a i n  

.-I 

E s  sen  t i a  

N = No 
l.MX 

y t h e  same formula has  -een derive1 

1 
4 
- 

by 

( A - 3 9 )  

(A-5) by a lhi tehead 

d i f f e r e n t  argument. There i s  an important q u a l i t a t i v e  d i f f e r e n c e  between 

the  formula ( A - 3 9 )  f o r  Nmax w i th  d i f f u s i o n  taken  i n t o  account  and the  

formula 

W I  
0 

maX = N 1 = - -  a ( A - 4 0 )  

which h o l d s  when d i f f u s i o n  i s  neglec ted .  When d i f f u s i o n  i s  taken  i n t o  

account ,  t h e  r a t i o  N. i s  independent of N when i t  i s  neglec ted ,  

N i t s e l f  i s  independent of N . 
max/No 0’ 

max 0 

A . 5  COMPARISON BETWEEN THEORY AND EXPERIMENT 

A . 5 . 1  The Value of N. . I n  order  t o  estimate N w e  need t o  lnax max’ 

have a n  estimate of t h e  d r i f t  g rad ien t  w / .  

formula 

westward component of t he  n e u t r a l  wind, t h e  f a c t o r  of p r o p o r t i o n a l i t y  

being (wi/vi) COSX e 1/20.  

f u l l y  i n h i b i t e d ,  w i s  g iven  by Equation (A- l l ) ,  so t h a t  w; i s  propor-  

t i o n a l  t o  the  v e r t i c a l  g r a d i e n t  of  t h e  northward component of t h e  n e u t r a l  

wind, t h e  f a c t o r  of p r o p o r t i o n a l i t y  being of o rde r  1 / 2 .  

I f  w i s  g iven  by Whitehead’s 
0 

(A-E?) ,  w; i s  p r o p o r t i o n a l  t o  the  v e r t i c a l  g r a d i e n t  of V t he  
Y 

On t h e  assumption t h a t  t he  Hall c u r r e n t  i s  

I n s p e c t i o n  of 
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t h e  e l e c t r o n - d e n s i t y  and wind p r o f i l e s  ob ta ined  i n  n e a r l y  s imultaneous 

rocke t  experiments  a t  n e a r l y  the  same locat ions(A-3’A-9)  shows t h a t  

l a y e r s  of enhanced i o n i z a t i o n  a r e  a s soc ia t ed  wi th  q u i t e  unremarkable 

wind shea r s  - -  of the  o rde r  of 2 x 10 sec  . Consequently,  w e  may 

take  -w/ t o  be i n  the  range 

- 2  -1 

0 

(A-41) 1 n-2  5 - wl 5 Lu 
0 

The va lue  of t he  recombination c o e f f i c i e n t  a i s  r a t h e r  u n c e r t a i n .  

A.  P .  Mitra(A-lO) g ives  the  va lue  

(day) 
-8 a = 5 x 1 0  (A - 42) 

F i n a l l y ,  No has  the  va lue  

(A-43) 
5 N = 1 .5  x 10 (day) 

0 

These v a l u e s  are  a l l  i n  c . g . s .  u n i t s ,  and a l l  p e r t a i n  t o  t h e  l e v e l  z = 100 km. 

From Equat ion (A-19) w e  s e e  t h a t  the  parameter  11 l i e s  i n  t h e  range 

where t h e  upper and lower l i m i t s  a r e  a s s o c i a t e d  wi th  Equat ions (A-12) 

and (A-11)  r e s p e c t i v e l y .  The corresponding range of t he  r a t i o  N / N  i s ,  

by Equat ion (A-17) 

1 0  

N. I 15-5 1 . 6  
NO 

(A-45) 

Since N >> N i n  gene ra l ,  the  low va lue  of t he  r a t i o  N I / N o  i n d i c a t e d  

by (A-45) sugges t s  t h a t ,  dur ing  the  day, v e r t i c a l  i o n i z a t i o n  d r i f t  does 

1 W X  

n o t  g i v e  r ise  t o  s i g n i f i c a n t  pe r tu rba t ions  of the  e l e c t r o n - d e n s i t y  p r o f i l e .  
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A s  t he  n igh t t ime  va lues  of b o t h a  and No a r e  much smaller than  t h e  

daytime v a l u e s  7 ( n i g h t )  >> 1, so tha t  formula ( A - 3 9 )  a p p l i e s .  With 

the  va lues  

5 D = 2.5 x 10 

lo6 <_ x 5 2 x l o 6  

t h i s  y i e l d s  

<_ 15 max N 
6 2-  

NO 

( A - 4 6 )  

( A - 4 7 )  

( A - 4 8 )  

which i s  i n  reasonable  agreement with experiment .  One cannot  a s s e r t ,  

however, t h a t  t h e  d r i f t  mechanism w i l l  a c t u a l l y  produce such high v a l u e s  

of Nmx/No,  s i n c e  the  e f f e c t s  of wind v a r i a b i l i t y  have so  f a r  been 

neg lec t ed .  I n s p e c t i o n  of t h e  wind d a t a  of Manring, Bedinger, and 

K n a f l i ~ h ( * - ~ )  shows t h a t  i n  a 5 km he ight  range cen te red  on 100 km t h e  

d i r e c t i o n  of t h e  wind v e c t o r  f r equen t ly  changes by rr/2 o r  more. The 

same d a t a  show t h a t  a t  a g iven  height  t h e  d i r e c t i o n  of t h e  wind v e c t o r  

changes by 2fi i n  about  e i g h t  hours .  Hence a t  t h i s  h e i g h t  any g iven  

f e a t u r e  of t h e  wind p r o f i l e  has  a v e r t i c a l  speed of about  2/3 m/sec. 

It fo l lows  t h a t  i n  gene ra l  less than about  1 . 5  x 10  sec  are  a v a i l a b l e  3 

f o r  t h e  format ion  of a l a y e r  1 km t h i ck .  The mean e l e c t r o n  d e n s i t y  of 

such a l a y e r  w i l l  exceed the  unperturbed e l e c t r o n  d e n s i t y  by a f a c t o r  

3 1  n o t  g r e a t e r  t han  1 .5  x 10 ( w o ( ,  so  t h a q  by ( A - 4 1 )  

- 
( A - 4 9 )  N - <, 15 i f  ( A - 1 1 )  a p p l i e s  N - < 1 .5  i f  ( A - 1 2 )  a p p l i e s ;  

No 
- 

NO 
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where N denotes the mean electron density in a layer. As both limits 

in Equation (A-49) are upper bounds, this argument makes it seem 

unlikely that vertical ionization drift can produce the required degree 

of enhancement. 

To sum up, the characteristic time associated with the building up 

of a peak in the electron-density profile by vertical ionization drift 

is either of the same order of magnitude as, or not much smaller than, 

the characteristic time associated with daytime recombination and with 

variations of the wind profile. It is therefore doubtful whether the 

drift mechanism can give rise to perturbations of the electron-density 

profile of the same magnitude as those associated with the phenomenon 

of sporadic E. 

A.5.2 Shape of the Electron-Density Profile. Using a CW 

propagation technique, Seddon (A-2sA-11yA-12) has measured electron- 

density profiles for several E layers. 

confirmed Seddon's findings, using an entirely different experimental 

technique (DC probe). The following properties of E layers appear to 

be well established. 

L. G. Smith(A-1yA-9) has fully 
S 

S 

(1) The thickness of a typical Es layer is between 

500 and 2000 meters. Thick layers often resolve into two or more 

distinct thin layers. (2) The profile of a typical E layer has very 

steep sides. Typical gradients are of the order lo5 to 10 (el cm km ). 

S 
6 - 3  -1 

(3 )  E layers are superimposed on an apparently unperturbed background. 

There i s  no evidence f o r  any substantial reduction of electron density 

S 

on either side of a layer. ( 4 )  Although layers of enhanced ionization 
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a r e  n e a r l y  uniform i n  t h i c k n e s s ,  the r a t i o  N max/No v a r i e s  over  a wide 

range (1-100). L e t  u s  compare these  exper imenta l  r e s u l t s  w i t h  t h e  

corresponding p r e d i c t i o n s  of t h e  wind-shear theory .  

(1) According t o  Equation (A-33),  Azll ", 7 ,  where Az i s  t h e  

t h i c k n e s s  of a l a y e r  and X i s  t h e  v e r t i c a l  wavelength of  t h e  wind 

p r o f i l e .  Since h 2 20 km and Az 1 km, 7 8 20. This  i s  very much 

h i g h e r  than  t h e  daytime va lue  predic ted  by theory .  

(2) The p r e d i c t e d  p r o f i l e  of an E l a y e r  h a s  smoothly c u r v i n g  
S 

h y p e r b o l i c  s i d e s .  According t o  Equation (A-35) t h e  e l e c t r o n - d e n s i t y  

g r a d i e n t  i s  of o r d e r  27N /1=2N /Az, which i s  s m a l l e r  by a f a c t o r  of  

10 t h a n  commonly observed g r a d i e n t s .  

0 0 

(3) The wind-shear theory  p r e d i c t s  t h a t  a s u b s t a n t i a l  r e d u c t i o n  

i n  t h e  "background" e l e c t r o n  dens i ty  must accompany t h e  formation of a 

l a y e r  of enhanced d e n s i t y  and t h a t  t h e  i n t e g r a t e d  d e n s i t y  i n  a h e i g h t  

range of  t h i c k n e s s  h i s  a l s o  s u b s t a n t i a l l y  reduced. No such r e d u c t i o n  

seems t o  occur .  

( 4 )  The theory  p r e d i c t s  a c lose  r e l a t i o n s h i p  between t h e  t h i c k -  

n e s s  of a l a y e r  and t h e  r a t i o  N . In  t h e  absence of d i f f u s i o n  maxINo 

Az a (NmaX/N)-'; d i f f u s i o n  t e n d s  t o  reduce  t h e  range  of v a r i a t i o n  of  

N / N  . Hence t h e  th ickness  Az should vary  over  a wide range;  i n  

f a c t ,  i t  v a r i e s  h a r d l y  a t  a l l .  

max o 

A.5.3 D e t a i l e d  Comparison Between t h e  Wind P r o f i l e  and t h e  

Ionizatiol-, F r o f i l e .  on t h r e e  occasiofis i n  1962 (7 ?.!=vezbcr, 30 Novenber, 
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and 5 December) teams headed by L. G. Smith and by E. Manring (A- 9 ) 

o b t a i n e d  n e a r l y  s imultaneous records  of  t h e  i o n i z a t i o n  and wind 

p r o f i l e s  i n  t h e  h e i g h t  range 80-130 km over  Wallops I s l a n d ,  V i r g i n i a .  

The i o n i z a t i o n  p r o f i l e s  showed s e v e r a l  t h i n ,  s h a r p l y  d e f i n e d  l a y e r s  of 

enhanced i o n i z a t i o n ,  some of which could be  i d e n t i f i e d  w i t h  s p o r a d i c  E 

l a y e r s  recorded on ionograms. It w i l l  s u f f i c e  t o  c o n s i d e r  t h e  r e c o r d s  

of  7 November, which a r e  e x t r a o r d i n a r i l y  r i c h  i n  informat ion .  

* 

The two i o n i z a t i o n  r e c o r d s  of 7 November (one o b t a i n e d  d u r i n g  

t h e  a s c e n t  of t h e  r o c k e t ,  t h e  other  dur ing  t h e  d e s c e n t )  show seven 

wel l -def ined  l a y e r s  of enhanced i o n i z a t i o n  between 90 and 125 km. The 

i n t e r v a l s  between s u c c e s s i v e  peaks a r e  v i r t u a l l y  i d e n t i c a l  on t h e  two 

r e c o r d s ,  b u t  t h e  z e r o - p o i n t s  of the two h e i g h t  s c a l e s  d i f f e r  by 314 km. 

S i n c e  t h e  h e i g h t  measurements a r e  based on r a d a r  o b s e r v a t i o n s  of t h e  

r o c k e t ,  they  a r e  more a c c u r a t e  f o r  t h e  a s c e n t  than  f o r  t h e  descent .  I 

have accord ingly  adopted t h e  h e i g h t  s c a l e  determined f o r  t h e  a s c e n t  i n  

t h e  fo l lowing  d i s c u s s i o n .  

The h e i g h t  s c a l e  of t h e  wind measurements i s  probably a c c u r a t e  t o  

less  than  1 km. The h e i g h t  d i s c r i m i n a t i o n  of t h e  wind measurements i s  

about  1 / 2  km. Height d i s c r i m i n a t i o n  of t h i s  o r d e r  i s  a c t u a l l y  needed 

t o  r e s o l v e  t h e  f i n e  s t r u c t u r e  of wind p r o f i l e s  between 85 and 135 km. 

"The h o r i z o n t a l  s e p a r a t i o n  between t h e  ionospher ic  r e g i o n s  probed by 
t h e  r o c k e t s  on t h e  one hand and the ionosonde on t h e  o t h e r  was of 
t h e  o r d e r  of 70-80 km. 

97 



Figures  A - 1  and A - 2  show t h e  i o n i z a t i o n  and wind p r o f i l e s  f o r  

7 November 1962.  The h o r i z o n t a l  l i n e s  i n  Figure A-2 i n d i c a t e  t h e  

h e i g h t s  of t h e  seven e l e c t r o n - d e n s i t y  peaks t h a t  occur  on both  

i o n i z a t i o n  r e c o r d s .  The f i n e  s t r u c t u r e  t h a t  appears  i n  F igure  A-2, i . e . ,  

t h e  s t r u c t u r e  whose v e r t i c a l  s c a l e  is < 2 km, i s  undoubtedly r e a l  and 

i s  a iioriiial f e a t u r e  of wind p r o f i l e s  i n  t h i s  h e i g h t  raiige. F igure  A - 2  

shows t h a t  t h e r e  i s  a s t r i k i n g  correspondence between t h e  f i n e  s t r u c t u r e  

of t h e  wind p r o f i l e s  and t h e  f i n e  s t r u c t u r e  of t h e  e l e c t r o n - d e n s i t y  

p r o f i l e :  l a y e r s  of enhanced i o n i z a t i o n  c o i n c i d e  wi th  narrow r e g i o n s  

where both  t h e  speed and d i r e c t i o n  o f  t h e  wind a r e  s t a t i o n a r y ,  i . e . ,  

r e g i o n s  of zero  shea r .  These narrow, zero-shear  r e g i o n s  appear a s  

t r a n s i t i o n  l a y e r s  between r e g i o n s  i n  which t h e  shear  i s  more o r  less 

c o n s t a n t  .'k 

- 

According t o  t h e  wind-shear theory,  t h e  occurrence of l a y e r s  of 

enhanced i o n i z a t i o n  should be  r e l a t e d  t o  t h e  c o a r s e  s t r u c t u r e  of  t h e  

wind p r o f i l e s  r a t h e r  than  t o  t h e  f i n e  s t r u c t u r e ,  s i n c e  t h e  i o n i z a t i o n  

t h a t  appears  i n  t h e s e  l a y e r s  i s  supposed t o  be  drawn from a r e g i o n  

s e v e r a l  t i m e s  a s  t h i c k  a s  t h e  l a y e r .  

V i n  (say)  a th ree-k i lometer  r e g i o n  c e n t e r e d  on z .  V(z) i s  a smoothly 

vary ing  f u n c t i o n  of h e i g h t  wi th  a v e r t i c a l  "wavelength" of about  1 5  km. 

I f  t h e  wind-shear theory  were c o r r e c t ,  i t  would b e  p o s s i b l e  t o  f i n d  a 

c o n s t a n t  v e c t o r  5 such t h a t  5. V = 0 ,  and 5 b(dv/dz) << 0 a t  every  

e l e c t r o n - d e n s i t y  peak. 

L e t  v ( z )  denote  t h e  mean va lue  of 
Iu 

- 
CI Tv 

- 
-d Iu 

-I;A theory  t h a t  accounts  f o r  t h e  correspondence between t h e  f i n e  
s t r u c t u r e  of t h e  i o n i z a t i o n  p r o f i l e  and t h e  f i n e  s t r u c t u r e  of t h e  
wind p r o f i l e s  w i l l  be descr ibed  i n  another  paper .  
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These requirements cannot be fulfilled with the data shown in Figure A-1, 

which require that a 

at 111 km, and (axj > (ay/ at 107 km. 

cannot account for all the layers of enhanced ionization that appear 

on the records of 7 November. 

0, ay < 0 at 100 and 120 km, ax % 0, a > 0 
X Y 

Thus the wind-shear theory 

The records for 30 November and 5 December support the conclusions 

drawn from the record of 7 November: there is a close correspondence 

between the fine structure of the ionization profile and the fine 

structure of the wind profiles, layers of enhanced ionization tending 

to coincide with narrow layers of zero shear separating constant-shear 

regions; but there is no obvious connection between the gross structure 

of the wind profiles and the fine structure of the ionization profile. 

A . 5 . 4  Conclusions. The preceding discussion shows that the 

effects produced by vertical ionization drift are quantitatively too 

small and qualitatively not of the right kind to account for the 

narrow, well-defined layers of enhanced ionization associated with the 

phenomenon of sporadic E. Nevertheless, vertical ionization drift may 

be responsible for some less conspicuous features of ionization profiles 

in the E-region, especially at night. It will be easier to assess the 

role of vertical ionization drift once the primary mechanism for 

producing enhanced ionization in narrow layers is understood. 
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A . 6  CRITIQUE OF THE TRAPPING HYPOTHESIS 

have independently suggested that (A-14) Rawer (A-13) and Layzer 

some kind of meteorological discontinuity might act as a trap for 

vertically drifting ionization. Layzer gave theoretical reasons for 

believing that if true hydrodynamic turbulence exists in the E region 

it is confined to thin layers where the wind shear takes on exceptionally 

high values. Such thin turbulent layers might act as ionization traps, 

since turbulent mixing would tend to inhibit ionization drift across 

the layer. However, the experimental results described in the preceding 

section show that this hypothesis cannot be correct. Layers of enhanced 

ionization occur, in fact, in regions where the wind shear is exceptionally 

low. Indeed, the wind data give no indication of the existence of any 

kind of meteorological discontinuity whatever. 

The trapping hypothesis is also difficult to reconcile with the 

extremely high ionization gradients characteristic of E layers and 

with the occurrence of multiple layers. 

S 

A .  7 CONCLUSION 

The preceding discussion supports the suggestion that vertical 

ionization drift produces observable changes of some kind in the 

ionization profile in the E region, particularly at night. But these 

changes are almost certainly not the sharply defined spikes associated 

with the  phenomenon of sporadic E, 
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